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Abstract 
Collective cell migration underlies various events in development, regeneration and 
disease. In most cases in vivo, collective migration occurs by collective cell 
chemotaxis, the directed migration of cell groups along gradients of soluble chemical 
cues. Despite this, the mechanisms of collective cell chemotaxis are poorly 
understood. Here I use Xenopus and zebrafish neural crest, a highly migratory 
embryonic stem cell population whose behaviour has been likened to malignant 
invasion, to study collective chemotaxis ex vivo and in vivo. I show that the neural 
crest exhibits a tensile actomyosin ring at the edge of the migratory cell group that 
contracts in a supracellular fashion. This contractility is polarized during collective cell 
chemotaxis: it is inhibited at the front but persists at the rear of the cell cluster. 
Combining computational simulations with optogenetic and laser ablation 
experiments, I show that this differential contractility drives directed collective cell 
migration ex vivo and in vivo through intercalation of rear cells. Rear cell intercalation 
triggers a wave of cellular anterograde movement through the middle of the cluster 
that drives the whole group forward. The mechanically coupled cells at the edge of 
the group are pulled to the rear by the actomyosin contractility. This novel mechanism 
of collective cell chemotaxis can be conceptually visualized as squeezing a tube of 
tooth paste at the back, which pushes the toothpaste forward. Thus, in neural crest 
cells, the engine for collective chemotaxis is at the rear of the cell group. 
Surprisingly, many of the cell behaviours that I describe here for the whole cell cluster 
have an equivalent in directional migration of single cells. For example, contraction of 
rear cells within a cluster is equivalent to actomyosin contraction at the back of single 
cells during directional migration; retrograde movement of cells in the periphery of the 
cluster could correspond to the surface/cortex retrograde flow observed in single 
cells; and rear intercalation and forward movement of cells at the centre of the cluster 
is analogous to rear endocytosis and forward movement of vesicles in single cells.  In 
summary, I have discovered a novel mechanism of collective cell migration in which 
we can consider the whole cluster as a single ‘supracell’. 
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Impact statement 
In this thesis, the mechanism underlying collective neural crest cell chemotaxis is 
studied. The cranial neural crest contributes to the majority of skeletal and connective 
tissues in the face, meaning the tissues of the craniofacial complex are primarily 
derived from the neural crest. Craniofacial malformations are observed in ¾ of human 
birth defects and are typically recognised by abnormalities in the underlying structure 
of the face. Therefore, craniofacial abnormalities are usually attributed to problems in 
neural crest cell development, including its migration. For example, perturbed neural 
crest migration can result in babies with small noses, jaws and ears as well as cleft 
palate. These phenotypes are characteristic of Treacher Collins syndrome. Given the 
variety of craniofacial abnormalities, it is therefore essential to understand the 
mechanisms that regulate the migration of cranial neural crest as a prelude to 
understanding the origins of birth defects and their prevention or repair. 
An understanding into the mechanisms of collective cell migration and collective 
cell chemotaxis has relevance for a variety of pathologies in which cell motility is 
aberrant. A prominent example is cancer invasion, to which neural crest migration 
has been compared. In this thesis, I study the migration of the cranial neural crest, 
which moves in a highly collective manner. Similarly, many cancer cells use collective 
migration as a strategy to move from the primary tumour along blood vessels to new 
tissues. Specifically, in this thesis I study the mechanism by which cranial neural crest 
undergoes collective chemotaxis; external chemotactic signals are essential for their 
normal development. Likewise, various signalling pathways have been implicated in 
the metastatic spread of a multitude of human tumours. Tumour cells frequently 
express chemokine receptors, which allows them to become migratory and respond 
to external cues, and tumour cells can express chemokines themselves which 
promotes tumour cell growth, angiogenesis and the formation of immunotolerant 
microenvironments. Given most cancer-related deaths come from metastasis, and 
collective migration occurs commonly in many types of cancer metastasis, 
uncovering details of neural crest migration informs a general understanding of 
collective cell migration, including that which occurs during cancer metastasis; and 
such knowledge could be implicated in the prevention and treatment of metastatic 
tumours, such as melanomas. 
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Introduction 
Note that parts of the introduction have been used or adapted from Shellard & 
Mayor, 2016. 
1 Cell migration 
1.1 Introduction to cell migration 
Cell motility is an evolutionarily ancient process that is essential in many aspects of 
life. Cell migration refers to the process whereby a cell changes its location from one 
position to another. Migratory phenomena are apparent in aerobic and anaerobic 
conditions, prokaryotic and eukaryotic organisms, and in unicellular and multicellular 
organisms. Prokaryotes use structures like flagellum to performing rotating 
movements or pili for ameboid-like movement, while others use their cell body to 
generate sliding movements. Cells exploit migratory behaviour in search for food or 
to avoid hostile and unfavourable conditions, as observed in bacterial and protozoan 
locomotion (Baker et al., 2006, Netotea et al., 2009). Unicellular eukaryotic cells, such 
as the social amoeba Dictyostelium discoideum can also migrate, as can most cells 
in multicellular organisms, which are able to move during defined phases of tissue 
formation, maintenance, regeneration and wound healing (Cattaruzza and Perris, 
2005), and immune defence (Bleul et al., 1996, Aiuti et al., 1997). In this manner, cell 
migration is a fundamental morphogenetic process; it is crucial for tissue and organ 
formation. Furthermore, cells employ migratory capabilities in a multitude of diseases 
such as chronic destructive inflammation (failed immune cell migration), osteoporosis 
(failed mesenchymal stem cell migration), atherosclerosis (monocytes and smooth 
muscle cells migrate to the sites of vascular injury), mental retardation (defective 
neuronal migration) and cancer metastasis (recapitulation of migratory capacity) 
(Ewald et al., 2008, Nieto and Cano, 2012, Davis et al., 2014). 
Cell migration is a highly complex and intricate process, relying on numerous 
coordinated events. Moreover, it is becoming increasingly evident that cells are highly 
plastic in their ability to migrate in different modes depending on context. This chapter 
will first discuss fundamental processes that underlie single cell migration, and then 
evaluate how these features are used by groups of cells that move together by 
collective cell migration. 
1.2 Single cell migration 
1.2.1 Introduction 
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Single cell migration, in which cells move solitarily, is important for development, 
immune surveillance and cancer metastasis in vivo (Ridley et al., 2003, Friedl and 
Weigelin, 2008). Most knowledge on the mechanisms of cell migration have derived 
from studying single cell migration in vitro on 2D substrates. 
1.2.2 Focal adhesion-dependent cell migration 
1.2.2.1 The migration cycle 
Cell migration is an integrated multistep process (Ridley et al., 2003). Migrating cells 
are highly polarised with complex regulatory pathways that spatially and temporally 
integrate various processes. In general, cell migration can be conceptualised as a 
cyclic process (Lauffenburger and Horwitz, 1996). First, the cell must polarise, 
meaning it has distinct regions. In the case of cell migration, this means generating a 
front-rear polarity. Polarity is generated in response to migration-promoting factors 
such as diffusible chemical signals, extracellular matrix (ECM) stiffness gradients or 
molecules comprising the ECM (Etienne-Manneville and Hall, 2003). Other times, 
cells can polarise randomly without the need of external signals established in a 
gradient. Polarised cells extend protrusions, such as lamellipodia, filopodia and 
invadopodia, which are driven by actin polymerisation, in the direction of migration 
(Ananthakrishnan and Ehrlicher, 2007), or via the formation of blebs, which are small, 
roundish protrusions generated by hydrostatic pressure and initially devoid of F-actin 
(Paluch and Raz, 2013). Protrusions are stabilised via adherence to the ECM through 
focal adhesions, or to adjacent cells. In both cases, external components are linked 
to cell’s intracellular cytoskeleton. Propulsive force for forward movement is 
generated through traction on these adhesion sites, which allows the cell to move 
forward (Geiger et al., 2001). Constant assembly and disassembly of adhesion sites 
at the front and rear, respectively, permits continual cell locomotion. 
These fundamental processes occur in various cell types, although there are 
exceptions. For example, focal adhesion-free mechanisms of cell migration have 
been recently described (Section 1.2.3). Moreover, the molecular mechanisms can 
vary greatly. Distinct observation of these processes can be identified in slow-moving 
cells such as fibroblasts whereas fast-moving cell like neutrophils seem to glide over 
the substrate. It is also becoming apparent that cells are highly plastic and able to 
adopt different modes of motility depending on their environment. Many somatic and 
cancer cells have different protrusion dynamics, migration speeds and cytoskeletal 
activities different in in vitro and in vivo situations (Knight et al., 2000, Friedl and Wolf, 
2003). 
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1.2.2.2 The protrusive machinery 
In most classical modes of migration, the forward movement of a cell is driven by the 
polymerisation of actin filaments (filamentous actin; F-actin) at the leading (front) edge 
(Blanchoin et al., 2014). F-actin is a self-assembling filamentous structure of semi-
flexible polymers consisting of actin monomers (globular actin; G-actin) that produces 
double-helix microfilament structures measuring 7 nm in diameter with the helix 
repeating every 37 nm  (Gittes et al., 1993). F-actin has intrinsic polarity that results 
in, primarily, unidirectional growth; it has a fast-growing ‘barbed’ end and a slow-
growing ‘pointed’ end. Organised assembly of actin filaments at the cell edge thereby 
drives membrane protrusion (Pollard and Borisy, 2003). The protrusion itself occurs 
by an ‘elastic Brownian ratchet’ mechanism. Filamentous actin stores thermal energy, 
which causes it to bend. When the filament is bent away from the plasma membrane 
at the cell edge, the addition of G-actin causes the filament to extend and release 
elastic energy that straightens the filament; in doing so, providing the force for 
membrane protrusion (Pollard and Borisy, 2003). 
Actin nucleation, is the rate-limiting step of polymerisation (Krause and Gautreau, 
2014, Welch and Mullins, 2002, Pollard and Borisy, 2003). The most studied 
nucleation proteins are the Arp2/3 complex (actin-related proteins 2 and 3), and the 
formin family proteins; other actin nucleators include spire, cordon-bleu, LMOD and 
JMY (Firat-Karalar and Welch, 2011). The rate-limiting step of actin nucleation is 
trimer formation (adding one G-actin monomer to the Arp2/3 complex). The Arp2/3 
complex facilitates the formation of new F-actin by binding to the sides of pre-existing 
filaments and initiating the growth of daughter filaments at a 70o angle from the mother 
filament. The Arp2/3 complex is highly active at the cell edge because it localises to 
molecular scaffolds including Wiskott-Aldrich syndrome protein (WASP)/WASP-
family verprolin-homologous protein (WAVE) family members, which are themselves 
activated at the cell membrane (Welch and Mullins, 2002). The rate and organisation 
of actin polymerisation is regulated by actin-binding proteins (ABPs) which affect the 
pool of available monomers and free ends (Pollard and Borisy, 2003, Dos Remedios 
et al., 2003). A multitude of ABPs have been identified with varying functions (Fig. 
1.1B), including nucleation, regulation of actin filament growth, stability and 
disassembly, monomer-binding, actin bundling and crosslinking, cytoskeletal linkers, 
membrane anchors and myosins which contract cross-linked actin filaments. Actin 
polymerisation is also coordinated by Ras homologue (Rho) family small guanosine 
triphosphate (GTP)–binding proteins, GTPases, which are conformationally regulated 
by GTP and guanosine diphosphate (GDP). On/off Rho GTPase activity is 
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coordinated by guanine nucleotide exchange factors (GEFs) and inactivated by 
GTPase activating proteins (GAPs). The Rho GTPases Rac (Ras-related C3 
botulinum toxin substrate) and Cdc42 (cell division control protein 42 homologue) are 
required for the formation of lamellipodial and filopodial protrusions, by mediating 
actin polymerisation through activation of the WASP/WAVE family of Arp2/3 complex 
activators (Welch and Mullins, 2002), which also provide feedback to Rac and Cdc42 
by binding to GAPs and GEFs (Soderling et al., 2002, Cory et al., 2002, Hussain et 
al., 2001). WAVE/WASP proteins can also be controlled by proteins involved in other 
aspects of cell activity, such as Src, Nck and WIP which regulate focal adhesions 
(Pollard and Borisy, 2003, Cory et al., 2002, Suetsugu et al., 2002, Higgs and Pollard, 
2001, Moreau et al., 2000, Sasahara et al., 2002). Hence, actin polymerisation and 
cell protrusion are highly regulated processes. 
The organisation of F-actin causes the formation of different types of cellular 
protrusions. Filopodia are organised into long parallel bundles thanks to filament 
bundling (Welch and Mullins, 2002). The tips of filopodia are enriched in Ena/VASP 
proteins, which antagonise capping and branching at the (growing) barbed end 
(Welch and Mullins, 2002). Fascin bundles adjacent F-actin polymers (Welch and 
Mullins, 2002). By contrast, lamellipodia are formed because of branched nucleation. 
Lamellipodial protrusions have F-actin in a branched dendric network, which gives 
the structure a fan-like shape (Pollard and Borisy, 2003). They are regulated by 
proteins such as the Ena/VASP binding protein lamellipodin (Krause et al., 2004), 
which promotes 3D and in vivo cell migration via its Ena/VASP and SCAR/WAVE 
interactions (Carmona et al., 2016, Law et al., 2013). The structural designs of 
lamellipodia and filopodia endows them with the capacity to perform distinct functions; 
filopodia act as exploratory sensors, whereas lamellipodial geometry allows the cell 
the crawl over a large surface. 
1.2.2.3 Polarisation 
Polarisation, the division of molecular processes within a cell, is essential for cell 
migration. Specifically, cells are polarised along the front-rear axis in a highly complex 
and regulated manner (Fig. 1.1A). The establishment and maintenance of polarity is 
required so that the cell is able to segregate molecules that are involved at the front 
of the cell, those that are involved at the rear, and everywhere in between. In doing 
so, persistent forward locomotion can be ensured. Cell polarity can arise cell-
autonomously through a combination of local positive feedback loops and global 
inhibitors which amplifies tiny, stochastic variations (Wedlich-Soldner and Li, 2003), 
23 
 
although . Often, polarity is established in response to extracellular stimuli such as 
chemokines, ECM molecules or gradients in extracellular mechanical stiffness 
(Ladoux et al., 2016). 
Cdc42 is a master regulator of cell polarity that localises specifically to the front of 
migratory cells (Itoh et al., 2002). It spatially confines where lamellipodia form 
(Srinivasan et al., 2003), and, by acting through the Par3/Par6/aPKC (Par defective, 
Par; atypical protein kinase C, aPKC) complex, localises the microtubule-organizing 
centre (MTOC) and Golgi apparatus in front of the nucleus. This further coordinates 
polarised migration by enabling the microtubule-mediated delivery of vesicles to the 
front, thereby allowing recycling of cellular components, such as membrane 
molecules (Etienne-Manneville and Hall, 2002, Rodriguez et al., 2003). Accordingly, 
inhibition of Cdc42 strongly abrogates persistent forward movement (Etienne-
Manneville and Hall, 2002). There is extensive cross-regulation between Cdc42 and 
targets downstream of GTP-binding protein (G protein)–coupled receptors (GPCRs) 
and integrins, which are responsive to chemotactic cues and the ECM, respectively, 
which together contribute to generating and maintaining high Cdc42 activity at the 
leading edge (Li et al., 2003, Etienne-Manneville and Hall, 2002, Etienne-Manneville 
and Hall, 2001). In the case of single cell chemotaxis (the movement of cells in 
response to gradients of soluble chemical cues), signal cross-talk and amplification 
is essential for efficient directed migration, because diffusion often renders 
chemotactic gradients very shallow. The spatial limitations of a cell mean a 
recognition between high and low chemotactic levels (through GPCR activation on its 
membrane) at the front and rear is challenging. Amplification of signal into steeper 
intracellular signalling gradients, which generate the cellular response of chemotaxis 
allows cells to respond in a highly directional manner (Devreotes and Janetopoulos, 
2003). The amplification process involves the localised activation of 
phosphoinositide-4,5-bisphosphate 3-kinase (PI3K) at the front, and phosphatase 
and tensin homologue (PTEN) at the rear. This response is evident in Dictyostelium 
(Devreotes and Janetopoulos, 2003, Merlot and Firtel, 2003), which undergo 
chemotaxis to cAMP. PI3K and PTEN control the levels of the phosphoinositides 
PtdIns(3,4,5)P3 (PIP3) and PtdIns(3,4)P2 [PI(3,4)P2] (Devreotes and Janetopoulos, 
2003, Merlot and Firtel, 2003). Cells with modified PI3K or PTEN exhibit a reduced 
ability to undergo chemotaxis, illustrating the importance of this amplification. 
Cdc42 and PI3K regulate polarity through activation of the actin polymerisation 
machinery required for active protrusions. This is achieved by local activation or 
delivery of Rac GEFs (Welch et al., 2003). Active Rac maintains directional 
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protrusions by stimulating recruitment and activation of PI3K to the plasma 
membrane, positively regulating microtubule polymerisation and recruitment and 
clustering of activated integrins to the edge of lamellipodia (Srinivasan et al., 2003, 
Welch et al., 2003, Rodriguez et al., 2003, del Pozo et al., 2000, Kiosses et al., 2001, 
Shattil, 1995). All of these factors positively regulate Rac as well, thereby maintaining 
the front polarity. 
In contrast to Rac, Rho (described in more detail in Section 1.2.2.4) preferentially 
localises at the cell rear and is also involved in maintaining front-rear polarity. 
However, RhoA can also be locally and dynamically activated at the leading edge, 
contributing to lamellipodial dynamics (Heasman et al., 2010). Rho promotes myosin 
II activity, which in turn binds to actin filaments (then termed actomyosin), which 
contracts the actin cytoskeleton in an ATP-dependent manner. Accordingly, inhibition 
of Rho leads to deformation in cell shape; often, migrating cells are elongated 
because the rear can no longer contract. Rho is also involved in microtubule 
stabilisation (Rodriguez et al., 2003, Small and Kaverina, 2003). Both events promote 
focal adhesion turnover specifically at the cell rear. Rac and Rho are mutually 
antagonistic, repressing each other’s activity (Evers et al., 2000), meaning no 
protrusions are generated other than at the front (Worthylake and Burridge, 2003, Xu 
et al., 2003). Hence, front and rear zones of different protein pools are generated in 
polarised migratory cells. However, active Rac has been implicated in detachment at 
the rear of migrating cells (Gardiner et al., 2002), and also Rho can lead to Rac 
activation (Tsuji et al., 2002) so it is clear that generation and maintenance of cell 
polarity is a highly complex process. 
Cell polarity is maintained by a combination of the above molecular-based feedback 
mechanisms, and through physical forces. In regions of protrusion, the membrane is 
stretched, and the tension exerted upon it is transmitted across the rest of the cell 
membrane to inhibit actin assembly and Rac activation, thereby maintaining front-rear 
polarity (Houk et al., 2012). In migrating neutrophils, increasing membrane tension 
interferes with actin nucleation (Houk et al., 2012) through phospholipase and MTOR 
signalling (Diz-Munoz et al., 2016). Membrane tension also regulates the speed and 
geometry of actin polymerisation by acting as a physical barrier; when membrane 
tension is high, a dense, branched actin network forms, whereas a less dense 
network forms when membrane tension is lower, with filaments forming perpendicular 
to the membrane (Mueller et al., 2017). Conversely, low membrane tension triggers 
actin assembly, and enhances cell spreading and polarisation (Raucher and Sheetz, 
2000). Thus, membrane tension serves as an essential regulator of cell polarity. 
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Interestingly, although individual cell migration by definition means cells are not 
moving while bound to each other, components of the cadherin-catenin complex, 
normally associated with cell-cell adhesions, function to stabilise front-rear polarity in 
mouse neural crest cells and glioblastoma cells to promote directional solitary 
migration; - and E-catenins are transported from the lamellipodium to perinuclear 
regions (Vassilev et al., 2017). E-catenin determines perinuclear localisation of 
RhoA via RhoGEF regulation, and perinuclear RhoA supports myosin-IIB assembly 
to stabilise cells’ front-rear polarity (Vassilev et al., 2017). 
1.2.2.4 Integrins and adhesion 
Actin polymerisation drives the formation of protrusions at the cell front. Actin flows 
away from the cell backwards with respect to the substrate, in a process known as 
retrograde flow, that is driven by actin polymerisation and myosin motors (Cramer, 
1997, Lin et al., 1997, Watanabe and Mitchison, 2002). Actin flows provides a means 
for the cells to stay in contact with the substrate. The developing protrusion can be 
anchored to the substrate: cell-matrix adhesions cross-link the ECM to the 
intracellular actin cytoskeleton, reducing actin retrograde flow, and meaning cell-
matrix adhesions act as ‘molecular clutches’ through their ability to couple retrograde 
flow to the substrate. This coupling promotes protrusive growth due to the continuous 
actin polymerisation, suppresses membrane contraction and transmits contractile 
forces to the substrate which causes the cell to be pulled forward (Alexandrova et al., 
2008, Parsons et al., 2010, Gardel et al., 2010). Together, protrusion formation and 
traction force help drive cell migration. Hence, not only is stabilisation of protrusions 
achieved by attachment to the surroundings, but also the interaction between the cell 
and the ECM represents the primary source of force generation for cellular migration. 
That being said, actin retrograde flows do not necessarily need to be coupled to the 
substrate via integrin-dependent adhesions for cell migration (non-adhesive migration 
is discussed in Section 1.2.3). Cells that are in confinement and lacking cell-ECM 
adhesions utilise strong actin retrograde flow for the forces of motility; such frictional 
forces resisting retrograde flow maintain the cell body in place and as myosin 
contractility on the actin network drives contraction (Bergert et al., 2015, Paluch et al., 
2016). 
Cell-matrix adhesions are large dynamic transmembrane multi-protein complexes 
that indirectly crosslink the ECM to the intracellular cytoskeleton. This coupling allows 
them to generate both a physical and a regulatory connection in which mechanical 
and chemical signals are transduced that can result in force generation, cytoskeletal 
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rearrangements and the activation of many signalling pathways that regulate cell 
behaviour (Wolfenson et al., 2013). In doing so, cells can respond to the stiffness and 
composition of the ECM (Boettiger, 2012, Dabiri et al., 2012). 
Integrin-based cell-matrix adhesions are the most common and widely studied form 
of cell-matrix adhesions, although other forms of cell-matrix adhesions such as those 
composed of syndecan and selectin also exist (Tedder et al., 1995, Carey, 1997, 
Woods and Couchman, 2001, Barthel et al., 2007). Integrin heterodimers, consisting 
of an  and a  subunit, are transmembrane receptor proteins that connect the ECM 
to the cytoskeleton via large ligand-binding extracellular domains and short 
cytoplasmic domains (Tamkun et al., 1986). The many different  and  subunits 
result in a wide range of possible combinations. For example, humans have 18 
different  subunits and 8 different  subunits, which together can form a minimum of 
24 different combinations. These different combinations give rise to the specificity for 
various ECM components, such as different laminins, collagens or fibronectin, and 
thereby facilitate migration of cells to the correct location during embryogenesis and 
tissue morphogenesis (Bokel and Brown, 2002). 
Integrin-mediated adhesion is a tightly regulated process. Activated integrins (Fig. 
1.1B) undergo conformational changes that can be driven by different mechanisms 
(Wehrle-Haller, 2012). Fundamentally, binding of integrin to either the ligand in the 
ECM or intracellular talin/kindlin at sites of actin polymerisation causes a 
conformational change in the integrin dimer that allows it to bind to intracellular or 
extracellular components. These mechanisms are referred to as ‘outside-in’ or 
‘inside-out’ activation, respectively. Once integrins are crosslinked to both the ECM 
and the cytoskeleton, they aggregate together (Fig. 1.1B). Clustering of active 
integrins is critical to form large multiprotein complexes that facilitate strong anchoring 
due to the low binding affinity of integrin for the ECM. Integrin clustering is triggered 
by the binding of talin to the cytoplasmic tail of activated integrin (Cluzel et al., 2005). 
Actomyosin-driven contractile forces lead to further clustering of integrin to enhance 
the size and strength of cell-matrix adhesions (Yu et al., 2011). Active and clustered 
integrins initiate diverse intracellular signalling pathways that, among other jobs, 
regulate further formation and strengthening of adhesion sites (Geiger et al., 2001). 
Integrin clustering is less evident in faster moving cells, which have less time to 
aggregate. For instance, neutrophils form ‘focal complexes’ which do not have 
extensive integrin clustering, but tend to not mature into ‘focal adhesions’. By contrast, 
slower moving cells have more time to aggregate strongly clustered focal adhesions. 
The generation of focal adhesions requires the recruitment of many associated 
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proteins. Some enter adhesions in preformed cytoplasmic complexes (Webb et al., 
2002), whereas other components enter adhesions with distinct kinetics. Components 
are also differentially recruited based on adhesion maturity; for example, paxillin is 
present in focal complexes, whereas α-actinin is more prominent in older adhesions 
(Webb et al., 2002). Therefore, assembly of the exact composition of focal adhesions 
is highly regulatory. 
Integrins do not have any catalytic activity themselves; signals are rather transmitted 
via its direct and indirect interactions. While they bind directly to ECM ligands, they 
are only coupled to F-actin via adapter proteins such as talin (Horwitz et al., 1986), 
-actinin (Otey et al., 1990), paxillin (Liu et al., 1999) and vinculin (Burridge and 
Mangeat, 1984, Johnson and Craig, 1995). In addition to this coupling role, adapter 
proteins also have other functions. They can act as scaffolders; for example, p130Cas 
can bind to many other proteins and facilitate several of the downstream functions of 
cell-matrix adhesions (Wozniak et al., 2004, Mitra et al., 2005). Adapter proteins can 
also recruit signalling proteins, such as the tyrosine kinases, focal adhesion kinase 
(FAK) and Src. These signalling proteins can activate integrins and other downstream 
targets (Klinghoffer et al., 1999), and recruit GEF and GAP proteins, which regulate 
small GTPases. Hence, Src and FAK, among others, are key components of cell-
matrix adhesions and crucial for their regulation as well as their function. Integrins are 
also regulated by post-translational modifications. For instance, phosphorylation of 
α4 integrin in migrating cells promotes the release of bound paxillin, thereby 
stabilising lamellipodia. Activated integrins preferentially localize to the leading edge 
to form new adhesions (Kiosses et al., 2001) due to the regulation of integrin’s affinity 
for external ECM molecules by its intracellular interactions. For example, the GTPase 
Rap 1, PKC, and talin increase integrin activity, whilst Raf-1 kinase suppresses its 
activation (Fig. 1.1B) (Kinbara et al., 2003). 
The extensive signalling capabilities of focal adhesion complexes allows them to act 
as mechanosensors, conveying information on the physical state of the ECM via 
mechanically-induced conformational changes in focal adhesion-associated proteins 
and altered cytoskeletal dynamics (Lauffenburger and Horwitz, 1996, Beningo et al., 
2001, Galbraith et al., 2002). Moreover, highly regulated signalling at focal adhesion 
complexes means cells can coordinate traction generation correctly in a manner that 
will permit efficient locomotion. Optimal migration is achieved at intermediate levels 
of actin retrograde flow and traction force because migrating cells must be able to 
detach from the underlying substrate and simultaneously exert traction; hence, 
migration speed is a biphasic function of the strength of cell attachment 
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Fig. 1.1. Features of cell migration. (A to C) Diagrams and boxes illustrating some 
of the main regulators of cell polarity (A), protrusion (B, upper box), adhesion (B, lower 
box) and rear retraction (C). 
Adapted from (Ridley et al., 2003). 
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 (Gardel et al., 2008). The propulsive forward force derived from focal adhesion is 
based on the interaction of myosin II with the actin cytoskeleton. Myosin is a motor 
protein that contracts actin in adenosine triphosphate (ATP)-dependent manner. 
Myosin II is comprised of two heavy chains, two regulatory light chains and two 
essential light chains that form a head domain that binds F-actin and uses ATP 
hydrolysis to ‘walk’ towards the barbed end, a linker neck domain and a tail domain 
that mediates interaction with other molecules (Vicente-Manzanares et al., 2009). 
Myosin bound to actin allows myosin to function as a motor that drives F-actin filament 
sliding in this ‘walking’ mechanism, thereby contracting bundles or networks of actin 
(Murrell et al., 2015). Myosin II activity is regulated by myosin light-chain (MLC) 
phosphorylation, controlled by various kinases (e.g. MLC kinase, MLCK; Rho kinase, 
ROCK) and phosphatases (e.g. MLC phosphatase, which it inhibited by ROCK) 
(Agarwal and Zaidel-Bar, 2018). These upstream activators are themselves 
controlled in different ways; for example, ROCK is regulated by Rho, and MLCK is 
regulated by phosphorylation and intracellular calcium (Riento and Ridley, 2003). 
MLC phosphorylation activates myosin, resulting in increased contractility and 
transmission of tension to sites of adhesion, by enabling the myosin cross bridge to 
bind to the actin filament (Vicente-Manzanares et al., 2009). 
At the migratory front, cell-matrix adhesions disassemble as new protrusions are 
formed (Webb et al., 2002). This disassembly is controlled by many molecules, 
including FAK, Src, Cas and Crk which together activate Rac-specific GEFs and ERK 
signalling that promote adhesion turnover (Larsen et al., 2003, Turner et al., 2001, 
Brahmbhatt and Klemke, 2003). Microtubules have also been implicated in focal 
adhesion dynamics (Stehbens and Wittmann, 2012). Hence, FAK and Src are used 
to assemble focal adhesions at the leading edge, before contributing to its 
disassembly through activation of Rac and ERK. However, some adhesions persist 
and mature into larger, more stable, mature and strongly adhesive structures. These 
focal adhesions are disassembled at the cell rear through actomyosin-mediated 
contractile forces (Fig. 1.1C). Also, the tension generated from the long tail to the 
anchor point can physically break the link between the integrin and the actin 
cytoskeleton. Interestingly, this tension is sufficient to open stretch-activated calcium 
channels (Lee et al., 1999), which can target calcineurin, calpin and ERK to cleave 
focal adhesion proteins including integrins, talin, vinculin, and FAK (Hendey et al., 
1992, Glading et al., 2002). Local calcium can also activate myosin II activity through 
Calmodulin, which promotes MLCK activity. Indeed, myosin II is essential for the 
migration of the majority of cell types. In Dictyostelium, monocytes and neutrophils, 
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perturbed Rho, ROCK or myosin II activity impairs retraction of the cell rear, and 
spoils polarity, with multiple pseudopodia along the sides of the cell and actin 
organisation compromised (Chung et al., 2001, Worthylake and Burridge, 2003, Xu 
et al., 2003). 
1.2.2.5 Rear-driven migration 
The processes described above suggest that cell migration is a step-wise cyclical 
process in polarised cells; first protrusions are formed, next they are stabilised by 
focal adhesions and then rear retraction is mediated by contractility. However, there 
is significant evidence to suggest that initial polarisation and movement can also be 
driven by the rear, and not just from the front. 
Contraction at the rear can initiate single cell migration. For example, in fibroblasts, 
actin depolymerisation-based force can retract the cell rear to polarise cells (Mseka 
and Cramer, 2011). Myosin II contractility, in this context, is initially required for 
aligning actin bundles that are needed for polarisation and later to maintain bundle 
length that ensures directed protrusion at the cell front (Mseka and Cramer, 2011). 
Initiation of single cell migration can also be driven from the front or rear depending 
on response to external chemotactic signals. In Dictyostelium, cells exposed to the 
chemoattractant cAMP break symmetry with a protrusion at the front, whereas cells 
exposed to the chemorepellent 8CPT break symmetry with rear retraction, which is 
myosin II-dependent (Cramer et al., 2018), meaning different chemotactic cues can 
initiate migration by distinct cytoskeletal mechanisms. Furthermore, in keratinocytes, 
immediately before the initiation of cell motility, actin network flow increases at the 
prospective cell rear in a myosin II-dependent manner (Yam et al., 2007). 
Local stimulation of myosin II activity in stationary cells can even induce directed 
motility initiation away from the site of stimulation, suggesting it may be sufficient to 
start migration (Yam et al., 2007). Moreover, rear contraction is sufficient for migration 
in some adherent cells. Human breast adenocarcinoma cells invade based on a 
mechanism in which RhoA/ROCK/Myosin II is active at the cell rear in a uropod-like 
structure, transmitting traction forces via 1 integrin to the cell cortex (Poincloux et 
al., 2011), a specialised cytoplasmic layer on the inner face of the cell membrane 
enriched in F-actin, myosin and ABPs. In mitotic HeLa cells, the cortex is ~190 nm 
thick but this may vary in other cell types (Clark et al., 2013). Inhibition of actomyosin 
contractility abrogates invasion because contractile convergent retrograde forces are 
required to pull on the matrix in a rearward direction, generating forward movement 
of the cell that pushes the matrix at the front (Poincloux et al., 2011). Interestingly, 
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lamellipodial extension and the Arp2/3 complex are dispensable for the invasion of 
these cells. However, this contraction-based model is dependent on focal contacts, 
particularly at the lateral and rear edges, to transmit contractile forces to the substrate 
(Poincloux et al., 2011); therefore, it is distinct from migratory modes that are integrin-
independent (Section 1.2.3). 
1.2.3 Adhesion-independent cell migration 
There is a comparatively high level of understanding of the molecular mechanisms 
involved in the classical mode of cell migration described above (Section 1.2.2). This 
has, in part, been enabled thanks to the ease of imaging single cell migration on 2D 
substrates in vitro. However, with the development of in vivo imaging tools and 
models, and in vitro technologies to study 3D migration, it has become increasingly 
clear that there are various modes of cell migration, and the stepwise process of 2D 
cell crawling does not represent the variety of migration styles found in 3D (Even-
Ram and Yamada, 2005, Friedl and Brocker, 2000).  
One such key difference is the requirement for substrate attachment. Many cell types 
have been shown to be able to undergo migration in an adhesion-independent 
manner (Paluch et al., 2016). These include leucocytes, various cells of the 
developing embryo and some cancer cells in vivo (Lammermann et al., 2008, 
Lammermann et al., 2013, Woolf et al., 2007, Bergert et al., 2015, Liu et al., 2015, 
Ruprecht et al., 2015, Kardash et al., 2010, Cattin et al., 2015). As they migrate, these 
cells are normally rounded, albeit their shape changes are highly dynamic, and they 
have weak or no cell-substrate adhesion, all while maintaining front-rear polarity. 
These features are characteristic of amoeboid cells. Moreover, there is convincing 
evidence that many migratory cell types are highly plastic, and able to switch between 
adhesion-dependent and adhesion-independent modes of migration, depending on 
the context (Liu et al., 2015, Ruprecht et al., 2015). 
During amoeboid migration, cell confinement secures the plasma membrane surface 
to allow it to migrate without cell-matrix adhesions (Friedl et al., 2001). Indeed, 
physical confinement is sufficient to switch neutrophils from integrin-dependent to 
integrin-independent mode of locomotion; interestingly, despite the loss of propulsive 
traction forces, cells speed up (Toyjanova et al., 2015), because they are no longer 
adhered to a surface. Likewise, confinement promotes breast cancer invasion via 
adhesion-independent motility (Balzer et al., 2012). 
Mechanistically, little is known about adhesion-independent migration, but a few 
different modes of force transmission have been proposed (Paluch et al., 2016). 
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Under confinement, cells can ‘push’ off the walls to retain cell shape and high 
actomyosin cortical contractility at the rear and protrusion expansion at the front 
drives cell movement (Hawkins et al., 2009). This type of migration can explain why 
some cell types, like leucocytes, can migrate only under confinement and not on flat 
surfaces (Lammermann et al., 2008). Another mechanism of confined cell migration 
is by contractile retrograde flows of the actomyosin cortex, which generates friction 
forces against the substrate that push the cell forward (Bergert et al., 2015). In the 
absence of confinement, cells can produce protrusions into the gaps of their 
microenvironment that help cells, like cancer cells, move in complex matrix 
geometries (Tozluoglu et al., 2013). Alternatively, in the absence of confinement, or 
surrounding cells/ECM, cells can ‘swim’ by generating propulsive forces that couple 
deformations in the membrane to the surrounding fluid (Barry and Bretscher, 2010, 
Leshansky et al., 2007, O'Neill et al., 2018, Lim et al., 2013). Although this mode of 
migration has been recently demonstrated experimentally by cells suspended in liquid 
(O'Neill et al., 2018), the in vivo relevance of this type of motility is unclear. 
Mechanistically, in all these modes, amoeboid migration relies on strong actomyosin 
contractility, which is crucial for generating propelling forces; strong contractions at 
the cell rear generates cytoplasmic flows (Fig. 1.2B) (Friedl, 2004, Lammermann and 
Sixt, 2009, Pankova et al., 2010, Madsen and Sahai, 2010, Wolf and Friedl, 2006). 
Cortical contractility also favours a rounded cell shape and may therefore directly 
counteract adhesion. For example, myosin II knockout leads to impaired migration 
and increased spreading of T cells (Jacobelli et al., 2010), whereas increase cortical 
contractility favours a rounded amoeboid-like shape and non-adhesive migration 
(Bergert et al., 2012, Liu et al., 2015). Likewise, increasing contractility induces 
adhesion-independent migration of early germ layer progenitors in confinement 
(Ruprecht et al., 2015). 
Hence, many cell types use or can switch to an amoeboid-style of migration by 
increasing cortical contractility, enhancing confinement and reducing substrate 
adhesion (Fig. 1.2A). However, this does not necessarily mean that all cell types are 
able to undergo integrin-independent migration. For example, while a number of cells 
including zebrafish early progenitors, cancer cells and fibroblasts can migrate 
effectively under confinement in the absence of integrins, other cell types like T cells 
seem to rely on cell-matrix adhesions (Overstreet et al., 2013). In the case of 
zebrafish primordial germ cells, cadherin-based interactions with neighbouring cells 
are used to transduced force (Kardash et al., 2010). Altogether it is clear that cell 
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migration, let alone collective migration, is a highly complex process, with varying 
modes and mechanisms to achieve effective cell motility. 
1.3 Introduction to collective cell migration 
1.3.1 An overview 
Along with single cell migration, cells can also migrate while remaining in cohorts, 
which is referred to as collective cell migration (Friedl and Gilmour, 2009). During 
collective migration, cells remain connected as they move. This connection adds a 
layer of complexity to the group because cells must cooperate and coordinate their 
activity to move efficiently while remaining in contact. Thus, in different contexts, there 
are varying degrees of tissue organisation (Vaughan and Trinkaus, 1966, Friedl et al., 
2004, Montell, 2008). Collective migration is particularly prevalent during embryonic 
morphogenesis, driving the formation of many complex tissues and organs and a 
comparable behaviour is recapitulated during tumour invasion. Collective cell 
migration is fundamental to many morphogenetic processes, and exhibited in wound 
healing and diseases like cancer metastasis (Vaughan and Trinkaus, 1966, Friedl et 
al., 2004, Friedl and Gilmour, 2009, Scarpa and Mayor, 2016). Although the key 
aspects of single cell migration are well established (Section 1.2) (Ridley et al., 2003, 
Nobes and Hall, 1999, Mattila and Lappalainen, 2008, Friedl and Wolf, 2009), the 
mechanisms underlying different forms of collective migration are much less well 
understood. 
1.3.2 Defining collective cell migration and models 
The primary hallmark characterising collective cell migration is that the cells remain 
mechanically and functionally coupled. Arguably, this is the only feature necessary 
for migration to be defined as collective. In the case of epithelial collective migration, 
intercellular adhesions are stable and preserved during movement, whereas in 
mesenchymal collective cell migration the junctions are transient (Friedl et al., 2004, 
Montell, 2008, Carmona-Fontaine et al., 2008b). A second hallmark characteristic of 
collective migration is that the cluster exhibits supracellular polarity and organisation 
of its cytoskeleton. This means that there is organisation at the level of the cluster. By 
consequence, the forces exerted through protrusions and focal adhesions are 
organised in a manner to generate movement of an entire tissue mass. Hence, 
collective migration is normally not simply multiple cells acting as much like individuals 
that are connected to one another, as this would often lead to disorganisation (Mayor 
and Etienne-Manneville, 2016). Instead, through some means of cell-cell interaction 
and communication, processes are re-arranged to achieve the movement of the entire  
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Fig. 1.2. Controlling modes of single cell migration. (A) Inset: embryonic 
progenitor cells transform into a prototypic ameboid migration mode by induction of 
cortical contractility. Physical confinement and low adhesion induce the 
mesenchymal-amoeboid transition. A large range of slow mesenchymal cell types 
can display fast ameboid-lie migration. A fast mode (A1) and faster and more 
conserved contractile mode (A2) were observed. A2 migration could be an ancestral 
migratory behaviour shared among eukaryotes. (B) In non-adhesive cells, 
polarisation is driven by the cell cortex. Actomyosin cortical flows drive fast and and 
persistent cell motility in confined 3D environments. 
Adapted from (Ruprecht et al., 2015, Liu et al., 2015). 
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group. Inevitably, this usually means functional segregation of roles. Such differences 
are often seen when analysing those cells at the front (leaders) and the cells behind 
(followers) (Mayor and Etienne-Manneville, 2016), for example. 
Efforts to understand the processes underlying collective cell migration has led to a 
variety of in vitro and in vivo experimental models. Through this, several types of 
collective migration have been found. 2D in vitro models, such as scratch wound 
assays in which a confluent epithelial sheet is wounded, and the subsequent 
migration toward the wound margin, is a popular model for wound healing and 
collective epithelial migration. These assays have been used to investigate 
polarisation, force generation and transmission (Nobes and Hall, 1999, Farooqui and 
Fenteany, 2005, Simpson et al., 2008), and have demonstrated that one common 
mode of collective migration is by a sheet moving across a tissue surface (Fig. 1.3A). 
Finger-like multicellular strands that collectively invade 3D ECM is another mode of 
collective migration (Fig. 1.3, B and C). This can be modelled in vitro using 
multicellular spheroids in scaffolds like Matrigel (Wolf et al., 2007, Lee et al., 2007). 
Strand invasion is evident in processes like mammary gland development during 
branching morphogenesis, vascular sprouting during angiogenesis. head mesoderm 
migration of amphibian embryos (Bell and Waizbard, 1986, Winklbauer et al., 1992, 
Nabeshima et al., 1998), mucosa epithelial migration upon renewal. Drosophila is a 
popular model organism to perform genetic studies of tracheal branching 
morphogenesis (Affolter et al., 2003, Affolter and Caussinus, 2008). Vascular 
sprouting can be observed in vivo via intravital imaging of injured cornea or retina in 
mice (Becker et al., 1998, Hellstrom et al., 2007), and also studied using the Matrigel 
plug assay, which leads to de novo blood vessel invasion (Kibbey et al., 1992). The 
imaging capabilities of zebrafish mean they are also used for vascular morphogenesis 
studies, using the intersegmental vessels as a model (Siekmann and Lawson, 2007). 
Strand invasion is also evident during cancer invasion (Fig. 1.3D), such as in 
carcinomas. In the case of collective cancer migration, histopathology and injection 
of cancer spheroids into mice, and subsequent observation through a window 
chamber has been used (Alexander et al., 2008, Christiansen and Rajasekaran, 
2006). 
Isolated cell groups or clusters can also undergo collective migration. For example, 
cranial neural crest cells migrate collectively after delaminating form the neural tube. 
Likewise, border cells in the Drosophila melanogaster egg chamber detach from the 
epithelium before migrating a long distance as a small unit (Fig. 1.3E). In zebrafish 
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embryos, the lateral line primordium migrates as a cluster under the skin, periodically 
depositing neuromasts that form the future mechanosensory lateral line organ, and 
acts as a model for a cell population that becomes organised during migration 
(Lecaudey and Gilmour, 2006). Cluster migration is also identified in metastatic 
cancers like melanoma, that penetrate the tissue stroma (Fig. 1.3F) (Day et al., 1981, 
Haas and Gilmour, 2006). Such stromal cells and their secreted factors can be taken 
into account through explanation of tissue into 2D or 3D culture; for example, patterns 
of cancer invasion or morphogenetic processes like vascular sprouting have be 
studied in this manner (Friedl et al., 1995). 
Some cell collectives migrate in streams, such as the many subpopulations of the 
neural crest and in a variety of species (e.g. chick, Xenopus, zebrafish), as well as 
the mammalian endoderm (Hegerfeldt et al., 2002, Teddy and Kulesa, 2004, 
Matthews et al., 2008, Carmona-Fontaine et al., 2008b). The neural crest, the model 
used in this thesis, is particularly useful because it can be dissected out of Xenopus 
embryos and cultured in ex vivo conditions where they retain many of the 
mechanisms they perform in vivo (Alfandari et al., 2003, Carmona-Fontaine et al., 
2008b, Barriga et al., 2018). Hence, detailed cellular and molecular analysis can be 
performed using combined ex vivo and in vivo approaches. In other cases, cells can 
migrate in chains. This has been described for the Drosophila myoblasts, the 
squamous cell carcinoma (Richardson et al., 2007, Gaggioli et al., 2007), some neural 
crest cell populations (Simkin et al., 2013), and for Dictyostelium upon starvation 
(Weijer, 2009). 
Each of these distinct forms of collective migration serve different purposes and are 
variations of the same fundamental process. For instance, cell monolayer migration, 
which are often comprised of a relatively homogeneous cell population, can be 
constitutively motile or induced, can be a normal developmental process or a 
reconstituted one, such as collective migration of the gut intestinal epithelial or wound 
closure, respectively. On the other hand, sprouting ducts and glands include distinct 
cell types that move together to form a ductal tree or network. Hence, collective 
migration, although hugely diverse and highly complex processes, are nonetheless 
variants on a similar theme. 
1.3.3 Mechanisms of collective migration 
Irrespective of the immense diversity of migratory modes, and diversity in the 
underlying molecular pathways, collective migration always requires cell-cell 
cohesion, collective cell polarity, and coordination of supracellular cytoskeletal 
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activity, whereby cytoskeletal dynamics is shared between multiple cells to function 
as a single unit to jointly generate force. These aspects are particularly oriented in 
response to guidance by extracellular chemical and physical signals which coordinate 
collective cell migration (Mayor and Etienne-Manneville, 2016). In some cases, 
collective migration also involves interaction with accessory stromal cells and ECM 
remodelling (Friedl and Gilmour, 2009). 
Interestingly, because collective migration ensures many cells migrate at a similar 
speed and in the same direction, whereas they would otherwise be stationary or 
migrate in different directions, cells moving together is more efficient than solo 
motility. The reasons behind this include the emergence of supracellular polarity 
(Mayor and Etienne-Manneville, 2016) and supracellular organisation of the 
cytoskeleton (Ladoux and Mege, 2017, Ladoux et al., 2016) that enable the persistent 
coordination locomotion. That being said, cells moving in the same direction and at a 
similar speed is more common in epithelia or otherwise cell groups with strong cell-
cell adhesions, whereas there is more cell interchange and ‘supracellular’ behaviour 
in collective mesenchymal migration (Malet-Engra et al., 2015, Theveneau et al., 
2010). The complexity of collective behaviour emerges in the fact that cell groups 
undergo more persistent, albeit slower, migration than single cells (Malet-Engra et al., 
2015, Theveneau et al., 2010), indicating that there is intricate communication within 
the group. Indeed, it can be concluded that one role of cell-cell contacts is not only to 
maintain the group but also to coordinate its constituent members. 
In this section I will discuss how the principles of single cell migration (Section 1.2) 
scale up to the multicellular platform, from the point of view of leader and follower 
cells; by virtue of their respective positions, they inherently tend to have differing roles 
to play for the efficient coordination of a large interconnected cell group. Importantly, 
most research has been aimed to understanding how collective cell migration is 
achieved by focusing on processes at the front of the cell cluster. However, recent 
evidence shows that followers perform an essential role for cluster migration, 
including supracellular polarisation, controlling leader polarisation and in the 
participation of gradient sensing and chemotaxis. 
1.3.3.1 Cell–cell cohesion and coupling 
The key difference between single and multicellular migration is that cells maintain 
contact with one another when moving collectively. Cell–cell adhesion is mediated 
in a number of ways, but primarily by adherens junction proteins (Niessen, 2007), 
which mechanically couples the cytoskeletons of adjacent cell via cadherins and 
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Fig. 1.3. Examples of collective cell migration. (A) Epithelial monolayer with 
protrusive leader cells. Follower cells are connected by adherens junctions. All 
cells are involved in force generation via focal adhesions with the ECM. In vivo, 
they remodel this substrate. (B) Terminal end bud sprouting during branching 
morphogenesis. The end bud is induced by factors from the stroma, the ECM is 
remodelled, basement membrane is deposited. (C) Vascular sprouting in 
developing or regenerating vessels. The tip cell is highly protrusive and guides the 
collective forward. Pre-existing pericytes act as a guidance track. (D) Multicellular 
‘strand-like’ cancer invasion (E) Drosophila border cell cluster consisting of mobile 
outer cells and two less mobile polar cells migrating along cell–cell junctions of 
nurse cells in the egg chamber. (F) Collective invasion of detached cancer cells. 
Adapted from (Mayor and Etienne-Manneville, 2016). 
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 immunoglobulin superfamily members. This tight association with the cytoskeleton 
means adherens junction are essential for maintaining the integrity and cohesion 
of the migrating cell population, preventing cell dispersion or tissue disruption. 
Cadherins are the main transmembrane components of adherens junctions. They 
bind in a calcium-dependent homophilic manner between adjacent cells, interacting 
with and controlling the actin and microtubule networks via p120-, α- and β-
catenins (Etienne-Manneville, 2011). Epithelia or epithelial-like cells can migrate 
as collectives in spite of their highly stable E-Cadherin (epithelial cadherin)-based 
contacts. Indeed, in many contexts E-Cadherin is essential for collective cell 
migration (Suffoletto et al., 2018); such stable contacts exist during epithelial 
formation and sheet wound healing. Likewise, VE-Cadherin (vascular endothelial 
cadherin) is necessary in endothelial cells during angiogenesis. However, 
adherens junctions can also be rapidly remodelled to allow cells to sort and 
exchange positions (Kametani and Takeichi, 2007, Yamada and Nelson, 2007). 
For instance, at stromal cell-cell contacts in mesenchymal populations, like the 
neural crest, N-Cadherin (neuronal cadherin) is dynamic (Kuriyama et al., 2014). 
Likewise, some cancer cells can also move together by using diverse mechanisms 
that rely on either stable or transient contacts, and there is increasing evidence 
that collective migration is a very common form of cancer metastasis (Cheung and 
Ewald, 2016). 
Impairing cadherin function dramatically alters collective cell dynamics (Bazellieres 
et al., 2015). In cancer, collective cancer cell migration can be inhibited by reducing 
N-Cadherin junctions and disrupting actin cytoskeletal filament bundles (Yue et al., 
2018). In some systems, cells detach and migrate separately upon abrogation of 
normal cadherin activity (Camand et al., 2012, Liu et al., 2011, Wilson et al., 2007). 
The loss of E-Cadherin to promote cell motility is the classical mechanism of 
epithelial-to-mesenchymal transition (EMT; Section 2.2.3) as seen in 
morphogenesis and cancer models. This normally happens to leader cells, which 
are those cells generally at the front of the migratory unit, ‘leading’ the collective’s 
movement by responding to external cues, such as soluble factors, the ECM and 
neighbouring cells. By contrast, in other systems, cell migration is totally blocked 
without any dissociation of the cell cluster e.g. border cells which lose E-Cadherin 
(Niewiadomska et al., 1999). This happen because the border cells lose their 
protrusions (Niewiadomska et al., 1999) due to a loss of polarisation (Cai et al., 
2014). Therefore, tight regulation of cadherin function is essential for normal 
collective behaviour, otherwise rendering the group immobile, or leaving the cells 
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to migrate individually, which is highly inefficient (Malet-Engra et al., 2015, 
Theveneau et al., 2010). 
Overall, cadherins are implicated as the dominant mediators of collective cell 
interactions, the loss of which may or may not be compensated for by other cell–
cell adhesion pathways (Gavert et al., 2008, Grunert et al., 2003, Lee et al., 2006, 
Thompson and Williams, 2008). For instance, border cells use nurse cells as a 
substrate to move along. Their interaction is dependent on E-Cadherin and other 
cadherins cannot compensate for its loss. Contacts between border cells and nurse 
cells are essential for supracellular polarisation of the border cell group and 
efficient movement across the egg chamber (Cai et al., 2014). By contrast, 
overexpression of E-cadherin in nurse cells inhibits collective migration and 
increases the polarization of border cells in the direction of the oocyte (Cai et al., 
2014). Likewise, mechanically active heteroetypic E/N-Cadherin adhesion between 
cancer associated fibroblasts and cancer cells enables cooperative tumour 
invasion by collective cell migration (Labernadie et al., 2017). 
Another reason why cadherins cannot necessarily compensate for each other is 
that different cadherins can have different mechanotransductive properties. For 
example, in epithelial tissues, E-Cadherin-mediated junctions are reinforced when 
submitted to pulling forces meaning that E-Cadherin predicts the rate at which 
intercellular force builds up. By contrast, P-Cadherin (placental cadherin) is not 
involved in the adaptation of tension but predicts the level of intercellular force 
(Bazellieres et al., 2015). In carcinoma and aggressive sarcomas, P-Cadherin 
induces polarisation through an increase in mechanical forces via -PIX and Cdc42 
(Plutoni et al., 2016). This results in collective migration and correlates with 
aggressive tumours (Plutoni et al., 2016). While cadherins may not easily 
compensate for one another, in many cases the expression of a weaker, more 
dynamically behaving cadherin results in new cluster behaviour. For example, 
reduced E-Cadherin leads to collective migration of mammary carcinoma cells via 
upregulation of N-Cadherin, promoting cancer invasion and metastasis (Elisha et 
al., 2018). Likewise, a switch from E-Cadherin to N-Cadherin is required for 
collective cranial neural crest migration (Scarpa et al., 2015). Therefore, how cell 
clusters behave is highly dependent on the molecular composition of the adherens 
junction, including the balance between different cadherins (Bazellieres et al., 
2015). 
41 
 
By extension, fine-tuned cadherin levels have a role to play in maintaining cluster 
cohesion and cooperation. In some collectively migrating populations, cells retain 
their relative positions to one-another, especially in epithelial cell types, such as 
during epithelial wound healing. In other cases, such as mesenchymal cell 
populations, the high turnover of, and unstable, cadherin-dependent contacts 
allows cells to change positions within the group, generating a more supracellular 
behaviour. For example, in Xenopus cranial neural crest, N-Cadherin endocytosis 
allows the group to behave as a liquid (Kuriyama et al., 2014). Therefore, the 
maintenance and dynamic control of cell–cell contacts controls cell leadership and 
preserves cluster cohesion. Indeed, in migrating cell populations, adherens 
junctions are often not highly stable structures. In wound healing assays, adherens 
junctions continuously move rearwards along the side of collectively migrating cells 
(Peglion et al., 2014). This junctional retrograde flow is driven by actomyosin and 
ends with dissociation of the cell-cell interaction, and recycling of the junctional 
components by endocytosis, such as N-Cadherin in fibroblasts, and trafficking 
toward the front, resulting in the formation of new junctions (Peglion et al., 2014). 
Polarised ‘treadmilling’ of adherens junctions is controlled by a front -to-rear 
gradient of p120-catenin phosphorylation, which regulates N-Cadherin trafficking, 
and junctional stability impacts polarity and speed of leaders during collective 
migration (Peglion et al., 2014). This dynamic 'treadmilling' of adherens junctions 
represents an additional way of making intercellular contacts malleable, while 
continuing to maintain maintaining the mechanical strength of adherens junctions 
between adjacent cells during migration. 
Often, adherens junctions between leaders are not simply connected to a sparse 
intracellular actin cytoskeleton, but rather to thick actin cables, with these cells 
displaying a stretched morphology, suggesting that strong forces are exerted 
between neighbours (Peglion et al., 2014, Omelchenko et al., 2003). In this 
manner, adherens junctions can synchronise the dynamics of the actin retrograde 
flow in multiple adjacent front cells. Contractile actomyosin cables connected by 
cadherins junctions at the wound edge cell sheet is involved in closing the wound 
hole by functioning as a ‘purse string’ (Jacinto et al., 2002). Also in epithelial 
sheets, -catenin controls the anisotropic force distribution of cell junctions to enable 
cooperative movements of epithelial cell sheets (Matsuzawa et al., 2018). It does this 
by activating RhoA at cell-cell junctions, which stabilises -catenin; the consequential 
stabilisation of directional alignment of multiple cells permits efficient collective cell 
migration (Matsuzawa et al., 2018). 
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Contractile cables are also formed at the edge of some collectively migrating cell 
populations. In cancer cells, one function of the peripheral actomyosin cable is to 
maintain cluster integrity and prevent cell dispersion (Hidalgo-Carcedo et al., 
2011), whereas in MDCK ‘finger-like’ collective migration, one large leader cell 
drags the rest of the cluster forward and an actomyosin cable prevents the initiation 
of a new leader cell by follower cells (Reffay et al., 2014, Hidalgo-Carcedo et al., 
2011). 
In addition to their important mechanical role in leader cells, cadherins can also 
regulate leader-to-follower transitions in more non-discrete cell groups. In the 
zebrafish lateral line, cadherin 2 is expressed across the entire tissue, but functional 
junctions are first assembled in the transition zone between the front and rear cells 
and become progressively more stable along the front-rear axis (Revenu et al., 2014). 
Hence, relocation and stabilisation of cadherins can help determine cell roles. 
Cadherin-mediated adherens junctions are also required for collective cell 
chemotaxis (detailed further in Section 1.3.3.5), suggesting that no individual cell, 
even a leader cell, can interpret the chemotactic gradient without interacting with 
its neighbours. Although directionality is thought to be primarily coordinated by 
extracellular signals such as chemotactic gradients (Section 1.3.3.5), cell adhesion 
molecules also contribute to directionality; in Drosophila larval epidermal cells, 
levels of the atypical cadherin Daschous varies along the axis of migration, which 
polarises Daschous at cell boundaries (Arata et al., 2017). This polarity coordinates 
the migratory direction by acting with the unconventional myosin Dachs and 
another atypical cadherin, Fat, to restrict lamellipodia to the opposite end of the 
cell (Arata et al., 2017). Fat also directs collective migration of the Drosophila 
follicular epithelium, which rotate and elongate the egg chamber, with equal 
contribution from each individual cell (Cetera and Horne-Badovinac, 2015). Fat2 and 
Lar, which are involved in planar polarised actin protrusive activities (Squarr et al., 
2016), localise to juxtaposing membrane domains and promote tissue motility (Barlan 
et al., 2017). Fat2 signals from the trailing edge (Viktorinova and Dahmann, 2013) to 
induce protrusions in the cells behind and stabilises Lar’s localisation at the leading 
edge of the cell behind (Barlan et al., 2017). Lar signals from the leading edge to 
promote rear retraction in the cell ahead (Barlan et al., 2017). Hence, Fat2 and Lar 
define a basally localised planar signalling system for controlling CCM (Barlan et al., 
2017). In the collective migration of endothelial cells, engulfed cadherin fingers 
serve as polarised junctional structures and engulfment occurs along with the 
formation of lamellipodia-like zone of low actomyosin contractility, in a VE-
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Cadherin/catenin and Arp2/3-dependent manner (Hayer et al., 2016). Lateral 
accumulation of cadherin fingers in follower cells precedes collective turning, and 
increased contractility can initiate cadherin extension as well as engulfment by a 
neighbour cell to promote follower behaviour; cadherin fingers therefore serve as 
guidance cues that direct collective migration (Hayer et al., 2016). Additionally, the 
relationship between cell-cell and cell-adhesion contacts is often antagonistic (Dupin 
et al., 2009, Borghi et al., 2010, Burute and Thery, 2012), meaning intercellular 
adhesions are required for the correct polarization of the cells and for directed 
movement. In fact, anisotropic distribution of adherens junctions is sufficient to 
promote cell polarization and directed migration (Dupin et al., 2009, Desai et al., 
2009). When adherens junctions are lost, cells experience polarisation defects with 
randomly directed protrusions, and integrins are constitutively engaged with the 
ECM along the entire cell periphery (Camand et al., 2012). 
Although cadherins are the dominant mediators of cell-cell adhesion in collectively 
migrating populations, other types of contacts are also important. The 
immunoglobulin family members, neural cell adhesion molecule (NCAM) proteins, 
ALCAM and L1CAM mediate cell-cell contact (van Kempen et al., 2000, Gavert et 
al., 2008, Lehembre et al., 2008, Schreiber et al., 2008). These alternative, 
homophilic N-cadherin and non-cadherin adhesion systems are often upregulated 
during EMT. In doing so, they promote cluster cohesion and prevent dispersion, 
resulting in increased collective motility (Grunert et al., 2003, Lee et al., 2006, 
Schreiber et al., 2008, Lehembre et al., 2008, Wei et al., 2004, Massoumi et al., 
2009). Through cross-signalling, integrins can also contribute to cell-cell cohesion. 
For example, cell cohesion is promoted by the binding of α5β1 integrin to 
fibronectin (Salmenpera et al., 2008) or by the binding of α6β1 integrin to laminin 
(Belvindrah et al., 2007). Desmosomes are another means of cell-cell adhesion in 
migrating cohorts. Branching epithelia, sprouting vessels and epithelial cancers all 
contain desmosomal proteins, such as desmocollins, the loss of which results in 
dispersion (Khan et al., 2006, Chidgey and Dawson, 2007). Likewise, migrating 
cells often express tight junction-related proteins (e.g. claudin 1, claudin 4, occludin 
and ZO1 in epithelia) (Langbein et al., 2003, Smalley et al., 2005) and are important 
for collective migration (Manda et al., 2018). Furthermore, although their mode of 
contribution to collective migration is unknown, the gap junction proteins, connexin 
(Cx) 43 and Cx26 are present in cell-cell junctions of neural crest, sprouting 
epithelia and invasive cancers (Ito et al., 2006, Defranco et al., 2008, Czyz, 2008, 
Lo et al., 1997). 
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1.3.3.2 Polarity mechanisms 
The translocation of non-polarised, randomly moving cells that fill the open space 
from the edge by collective random walk is very inefficient (Simpson et al., 2008, 
Vitorino and Meyer, 2008). Therefore, instead, cell cohorts use several 
mechanisms to polarise the cluster in a supracellular manner such that leaders are 
different from followers (Vitorino and Meyer, 2008). In comparison to follower cells, 
front cells display distinct, polarised morphologies, with large protrusions oriented 
in the direction of migration, and they detect extracellular guidance cues (by virtue 
of being closest to the source) and have a highly dynamic cytoskeleton (Fig. 1.4A) 
(Vitorino and Meyer, 2008). 
In some cases, polarity works by genetically determined differentiation. For 
example, in angiogenesis, asymmetric cell division results in the generation of 
protrusive tip cells and less dynamic stalk cells (Gaggioli et al., 2007, Hellstrom et 
al., 2007, Siekmann and Lawson, 2007). Other mechanisms of generating polarity 
include the asymmetric stiffening of cortical actomyosin networks mediated by Rho 
GTPases and myosin II (Vitorino and Meyer, 2008, Fischer et al., 2009); and 
polarized remodelling of the ECM (Section 1.3.3.4) (Wolf et al., 2007, Nabeshima 
et al., 2000, Palmieri et al., 2008). For example, in branching morphogenesis, cells 
are confined (Friedl and Wolf, 2008) but must degrade extracellular ECM 
components and chemokines, and deposit basement membrane components to 
lay the tracks for future migration  (Smola et al., 1998, Schmidt et al., 2007). In this 
manner, supracellular polarity is conferred upon the group. Indeed, there are 
emergent collective migratory modes for epithelia under tubular confinement and, 
as well as mesenchymal cells under confinement, such as the neural crest (Szabo 
et al., 2016, Xi et al., 2017). 
Collectives can also be polarised by external inductive signals (Fig. 1.4B), including 
chemokines such as stromal cell-derived factor 1 (SDF1; also known as CXC ligand 
12, CXCL12)  and growth factors like members of the fibroblast growth factor (FGF) 
and transforming growth factor-β (TGFβ) families (Lecaudey and Gilmour, 2006, 
Vitorino and Meyer, 2008, Valentin et al., 2007) that might be either freely diffusing 
or tethered to the ECM (Shintani et al., 2008), which results in chemotaxis (Section 
1.3.3.5) or haptotaxis, respectively, when they are found in gradients. Such 
inductive factors can be produced by other cells in a paracrine manner (Orimo et 
al., 2005) or released by the migratory cell group themselves in a juxtacrine or 
autocrine fashion (Aman and Piotrowski, 2008). 
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Collective polarity can also be conferred on migrating clusters through differential 
expression of ECM-binding proteins. For instance, comparatively greater integrin 
expression by leader over followers can generate polarised attachment to the ECM, 
thereby defining the group’s front  (Farooqui and Fenteany, 2005, Vitorino and 
Meyer, 2008, Hegerfeldt et al., 2002, Haas and Gilmour, 2006). Hence collective 
polarity can be driven by genetics or by a temporary functional state based on the 
cell’s position within the group. Either way, supracellular polarity renders the cell 
collective more responsive and adaptive to the environment than the individual cell.  
A further way in which the cluster can polarise is by the induction of follower cells on 
leaders. In some systems, cells undergo the phenomenon of contact inhibition of 
locomotion (CIL), which is the complex process by which contacting cells collapse 
their protrusions at the site of contact, repolarise and form new protrusions away from 
the contact and then separate and migrate away in a new direction (Mayor and 
Carmona-Fontaine, 2010, Roycroft and Mayor, 2016, Theveneau et al., 2010, 
Abercrombie and Heaysman, 1953, Stramer et al., 2013, Abercrombie, 1970). Thus, 
CIL is a mechanism that polarises cells in a contact-dependent manner (Mayor and 
Carmona-Fontaine, 2010, Roycroft and Mayor, 2016). This phenomena was first 
described by Abercrombie and Heaysman (Abercrombie and Heaysman, 1953) in 
which fibroblasts were observed to reduce their speed upon collision with other cells, 
and then ceasing their movement before dispersing in other directions. They further 
noticed that fibroblasts avoid migrating on top of each other, but rather align and tend 
to form a monolayer. These observations were attributed to CIL (Abercrombie and 
Heaysman, 1953, Abercrombie and Dunn, 1975). In further work, it was observed that 
cell protrusions are retracted upon contact and extended in another part of the cell 
(Abercrombie and Ambrose, 1958). CIL has since been identified in numerous cell 
types including embryonic fibroblasts, haemocytes and neural crest cells and is the 
driving force behind various phenomena including collective cell migration and cell 
dispersion. 
During many forms of collective cell migration, CIL ensures the absence of 
protrusions at points of cell–cell contacts (i.e. in the middle of the group) and promotes 
the formation and maintenance of protrusions in the leader cells away from their 
contacts with follower cells (Mayor and Carmona-Fontaine, 2010, Theveneau and 
Mayor, 2011c). Indeed, in most examples of collective cell migration in vivo, major 
protrusions are observed at the leading edge, pointing away from the contact with the 
follower cells, which is the hallmark of cell polarization induced by CIL (Abercrombie, 
1970, Mayor and Carmona-Fontaine, 2010, Stramer et al., 2013). Thus, CIL between  
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Fig. 1.4. Polarisation in collectively migrating cells. (A) In most systems, leader 
(front) cells are highly polarised along the direction of migration, suggesting 
mesenchymal front-rear phenotypic polarity. Epithelial apico-basal polarity is lost 
during EMT. Leader cells are connected to follower by intercellular adhesions. They 
have dynamic protrusions at the front edge e.g. lamellipodia and filopodia and have 
a polarised cytoskeleton that permits the secretion of ECM-degrading protease-
capsulated vesicles and the transmission of biomechanical forces to the group e.g. 
across longitudinal actomyosin cables. (B) Leaders are responsive to external signals 
such as chemokines and the ECM which guide their migration, and all cells are 
connected by intercellular adhesion sites. Adherens junctions restrict the localization 
of focal adhesions to the cell front, by locally inhibiting their formation and 
maintenance. 
Adapted from (Mayor and Etienne-Manneville, 2016). 
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leader and follower cells seems to be a fundamental aspect of collective cell 
migration. 
Although the fundamental steps of CIL are the same in different contexts, the 
molecular basis is different depending on the cell type. Various cell-cell adhesion 
molecules, including cadherins, ephrins, Eph receptors and many members of the 
PCP pathway have been implicated in CIL (Theveneau et al., 2010, Becker et al., 
2013, Barriga et al., 2013, Astin et al., 2010, Batson et al., 2014, Villar-Cervino et al., 
2013, Carmona-Fontaine et al., 2008a, Shnitsar and Borchers, 2008, Mayor and 
Theveneau, 2014). Likewise, cell-matrix components including syndecans and 
integrins are involved (Matthews et al., 2008). Upon collision, cadherins and ephrins 
undergo homophilic or heterophilic interactions. In the case of cadherins, 
engagement leads to the recruitment of Par3 (Moore et al., 2013). In some cases, like 
for syndecan, the precise role neighbourly interactions is unknown, but nonetheless 
PCP components accumulate at sites of cell contact (Carmona-Fontaine et al., 2008a, 
Matthews et al., 2008, Witzel et al., 2006, Bin-Nun et al., 2014, Hayes et al., 2013, 
Peradziryi et al., 2011, Becker et al., 2013). The engagement of these cell-cell 
contacts leads to activation of intracellular signalling pathways. Activated molecules 
include the small GTPases RhoA, Rac1 and Cdc42 (Astin et al., 2010, Batson et al., 
2014, Carmona-Fontaine et al., 2008a, Moore et al., 2013, Desai et al., 2013), as well 
as downstream proteins like calponin2 (Davis et al., 2015, Ulmer et al., 2013). 
Specifically, RhoA becomes active at contact sites, whereas Rac1 and Cdc42 are 
inhibited at the contact and activated away from it. Since these small GTPases are 
dynamic regulators of protrusion formation (Section 1.2.2.3) (Krause and Gautreau, 
2014), CIL causes this repolarisation; also, microtubules and microfilaments collapse 
(Moore et al., 2013, Davis et al., 2015) and focal adhesions disassemble at 
intercellular adhesion sites (Theveneau et al., 2013). This is accompanied by an 
increase in tension at the cell–cell contact followed by a rapid actomyosin contraction 
(Davis et al., 2015), causing protrusion collapse. In terms of forces, cell-matrix 
adhesions are rapidly disassembled upon cell contact, driven by Src and FAK 
downstream of the N-Cadherin in neural crest (Roycroft et al., 2018). Hence, a build-
up of tension at the contact drives separation. Overall, the result is that new 
protrusions are formed away from the cell contact by the small GTPase Rac1, with 
RhoA building up at the prospective rear, and the front and rear of the cell becomes 
uncoupled (Martin et al., 2014, Roycroft and Mayor, 2016). The strong experimental 
evidence of the importance of CIL for collective cell migration is also supported by 
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various mathematical models (Desai et al., 2013, Woods et al., 2014, Li and 
Lowengrub, 2014). 
1.3.3.3 Cytoskeletal organization and force generation 
Collective migration relies on extracellular interactions to generate the force for 
forward movement. In some cases, force generation can also be provided by 
means intercellular interactions with surrounding tissues (Geisbrecht and Montell, 
2002). For example, border cells migrate on nurse cells using relatively weak E-
Cadherin-based junctions; they simultaneously adhere relatively strongly to 
neighbouring border cells with E-Cadherin, and these identical component 
adhesions distinguished by differential expression levels (and thus cell-cell 
adhesion strength) by the two cell populations (Cai et al., 2014). Also, E/N-
Cadherin adhesions between cancer and associated fibroblasts enables collective 
tumour cell invasion (Labernadie et al., 2017). Thus, distinct receptor–ligand pairs 
mediate collective force coupling to the actin cytoskeleton in different contexts. 
However, mostly, integrin-mediated signalling is used, which allows cells to 
respond to the composition and stiffness of the ECM, generate the force required 
for collective movement, and the ECM provides directional cues for multicellular 
streams (Alexander et al., 2008, Ventre et al., 2012). The molecular principles of 
actin turnover and polarised force generated by moving cell groups are similar to 
those in the migration of individual cells (Section 1.2.2.4), but they are shared and 
coordinated between cells at different positions. For instance, the cortical actin 
network in the cell group shows supracellular organization, such that anterior 
protrusion activities and posterior retraction dynamics involve many cells (Friedl et 
al., 1995, Vitorino and Meyer, 2008, Hegerfeldt et al., 2002, Kolega, 1981) . The 
high level of organisation in the actomyosin cytoskeleton reinforces cell behaviour 
(e.g. leaders remain and function as leaders) (Fig. 1.5, B and C), although many of 
the mechanisms involved in supracellular cytoskeletal organisation have not yet 
been understood. They likely arise through the united actions of gap junction 
coupling, cadherin-based contacts and paracrine release of growth factors and 
cytokines (Röper, 2013, Mayor and Etienne-Manneville, 2016). 
During sheet migration, Cdc42 and Rac control the formation of lamellipodia, 
pseudopodia and filopodia, which are formed by multiple front cells that drive the 
leading edge forward (Vaughan and Trinkaus, 1966, Nobes and Hall, 1999, 
Farooqui and Fenteany, 2005, Mattila and Lappalainen, 2008). Calcium pulses can 
control local cycles of lamellipodia retraction and adhesion along the front of 
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collectively migrating endothelial cells (Tsai and Meyer, 2012). Integrins activate a 
huge number of effector molecules (Section 1.2.2.4) that induce forces that support 
the formation of protrusions (Krause and Gautreau, 2014) and microtubule network 
polymerisation (Etienne-Manneville, 2013) that supports the front by providing new 
and recycled components like receptors and membrane. The leading edge forms 
strong, mature integrin-dependent focal adhesion complexes (Nobes and Hall, 
1999, Zaidel-Bar et al., 2007). These, and the extensive leader protrusions together 
result in an intracellular cytoskeleton and polarised morphology that is typical of 
leader cells (Etienne-Manneville and Hall, 2001), and these combined signalling 
pathways contribute to stabilisation of these features (Etienne-Manneville, 2013). 
The traction forces generated by leader cells is sufficient to pull and coordinate 
migration persistence of five to ten cells behind the front edge, dragging the 
followers behind (Vitorino and Meyer, 2008, Caussinus et al., 2008). These strong 
traction forces that are generated at the wound edge are generated thanks to the 
association of focal adhesions with high levels of RhoA, which maintains longitudinal 
actomyosin cables (Reffay et al., 2014). These promote contraction of the cell body 
and the associated pulling forces are transmitted to many follower cells behind 
(Reffay et al., 2014, Li et al., 2012). In primary astrocytes, intermediate filaments 
promote directed collective migration by restricting traction forces to the front of leader 
cells, preventing aberrant traction in the followers and by contributing to maintenance 
of lateral cell-cell interactions (De Pascalis et al., 2018). However, in general, little is 
known about intermediate filaments in collective migration, including what potential 
role they might play in neural crest migration. 
In Drosophila border cells, although the cell most responsive to EGF/PVF signals 
becomes the leader, protrusions are also regulated by the insulin and Hippo pathways 
(Ghiglione et al., 2018, Chang et al., 2018) and actomyosin forces are necessary for 
initial cluster detachment from the source epidermis and subsequent migration 
(Sharma et al., 2018). Intercellular tension decreases from the front of the cluster to 
the rear (Cai et al., 2014), meaning that the leader(s) could drag the follower cells 
forward during collective migration, akin to epithelial monolayers. Any such ‘drag’ or 
pulling forces requires force transmission, which is an essential feature of collective 
cell migration. This capacity of follower cells to respond to the forces exerted by the 
preceding cells depends on mechanosensing (Ladoux and Nicolas, 2012, Pruitt et al., 
2014) and relies on force-induced conformational changes of mechanotransducers 
whose activity is modified thanks to force-induced accessibility of new binding 
domains. For example, talin and α-catenin are mechanotransducers in focal 
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adhesions and adherens junctions, respectively. When stretched, α-catenin 
undergoes a conformational change that stabilises its binding to actin, and allows 
vinculin to bind to it, thereby increasing junctional stability (Yonemura et al., 2010, 
Buckley et al., 2014, Leckband and de Rooij, 2014). Indeed, force-dependent binding 
of vinculin to -catenin regulates cell-cell contact stability and collective cell migration 
in MDCK cells (Seddiki et al., 2018). Forces transmitted from the ECM to cells can 
inform about matrix rigidity that affects collective behaviour. In the case of Xenopus 
cranial neural crest, for example, an integrin-dependent vinculin-talin-paxillin 
complex is essential for collective migration because this complex is used to sense 
the stiffness of the underlying mesoderm, which is necessary and sufficient for 
migration of the cell group (Barriga et al., 2018). Matrix rigidity can also induce 
collective migration via EMT; for example, tumour metastasis is promoted in a 
Twist-dependent mechanotransductive pathway that responds to high ECM stiffness 
(Wei et al., 2015). 
Forces must also be transmitted between mechanically coupled cells to achieved 
coordinated movement (Fig. 1.5A). The cell–cell contact-associated protein Merlin 
is involved in mechanotransduction during collective migration (Das et al., 2015). 
When leader cells exert pulling forces on their neighbours, Merlin translocates from 
sites of intercellular contacts to the cytoplasm, where it supports the polarisation of 
Rac1 activation and lamellipodium formation, thereby defining the front side of the 
following cell (Das et al., 2015). Merlin therefore controls polarised Rac1 activation 
and protrusion formation on the multicellular scale (Das et al., 2015). In addition, 
tension exerted on C-Cadherin-mediated junctions via cadherin-integrin crosstalk 
strengthens desmosomes (Weber et al., 2012, Bjerke et al., 2014). Hence, proper 
collective movement requires efficient cross-signalling of cell-cell and cell-ECM 
adhesions within and between cells. During tissue invasion like in sprouting blood 
vessels or invading cancer strands, tip cells protrude with actin-rich pseudopodia 
and filopodia (Wolf et al., 2007, le Noble et al., 2008, Ribeiro et al., 2002, Caussinus 
et al., 2008) that establish directionality by sensing and attaching to tissue 
structures at the front (Fig. 1.6A). This cell-matrix signal is transmitted to follower 
cells through E-Cadherin (le Noble et al., 2008, Vasioukhin et al., 2000). 
Engagement of these adherens junctions components including p120-catenin 
enhances its interaction with cortactin, an Arp2/3 recruiter, that simultaneous 
reinforces leading edge protrusions and strengthens cell-cell junctions by 
facilitating and stabilising nucleation sites for actin branching (Boguslavsky et al., 
2007). Border cells sense directionality in a similar way, as they respond to EGF  
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Fig. 1.5. Actomyosin mechanosensing during collective migration. (A) In more 
epithelial-like cases, leader-ECM connections result in pulling forces, which are 
transmitted to the cell and other cells via the actomyosin cytoskeleton. (B) The 
actomyosin cytoskeleton polarised and highly organised, which maintains leader 
phenotype. There is low contractility at cell-cell junctions whereas peripheral 
actomyosin cables result in intracellular stresses which aid in collective 
cohesiveness. (C) Actomyosin contractility is tightly regulated and involved in force 
transduction, and matrix remodelling. 
Adapted from (Pandya et al., 2017) 
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and PVR which induces one primary highly protrusive leader which generates 
much of the traction force, with contributions from the other followers (Fig. 1.6B) 
(Duchek et al., 2001, Wang et al., 2010b). By contrast, mesenchymal cells like the 
neural crest exhibit CIL which means traction in a supracellular manner around the 
edge of the cluster, so front cells perform most of the force transduction (Fig. 1.6C) 
(Scarpa et al., 2015). By contrast, the lateral line is steered from the rear because 
cells at the back express the SDF decoy receptor, CXCR7, which, after 
endocytosis, results in the formation of a self-generated gradient with responsive 
CXCR4-expressing front cells (Fig. 1.6D) (Valentin et al., 2007, Boldajipour et al., 
2008, Dambly-Chaudiere et al., 2007). 
While the above would suggest that in most cases, leader cells are the primary 
force generators in migrating cohorts, in some moving cell sheets (e.g. epithelia), 
follower cells also develop polarized lamellipodia, which help maintain the 
coordinated translocation of the group (Farooqui and Fenteany, 2005, Boguslavsky 
et al., 2007). Follower cells can also directly participate in generating pulling forces 
(Haas and Gilmour, 2006, Trepat et al., 2009). During epithelial monolayer migration, 
stress primarily builds up several cell rows behind the leading edge and extends 
across large distances. (Trepat et al., 2009). Therefore, although leader cells are 
important for local guidance, the forces they generate are only a small part of a 
global ‘tug-of-war’, involving cells far behind, thanks to long-range force 
transmission across cell-cell adhesions (Trepat et al., 2009, Trepat and Fredberg, 
2011, Tambe et al., 2011).  
Mechanical interactions among follower cells regulate the selective emergence of 
leader cells at the wound margin of epithelial sheets by manifesting locally increased 
traction and monolayer stresses, which pull on the presumptive leaders to elect them 
to their fate (Vishwakarma et al., 2018). Moreover, leader cell and single-cell speed 
are insufficient to explain wound edge dynamics (Vig et al., 2017). Altogether, these 
results suggest that force generation depends on both leader and follower cells, which 
both play an important part in organising collective cell migration.  
ECM composition can also promote collective behaviour and different migratory 
modes of the same cell type. At low collagen concentrations, tumour cells move 
individually whereas higher collagen levels results in the formation of cell clusters with 
high invasive capacity (Plou et al., 2018). In addition, when the concentration of TGF-
 in the microenvironment is lower, cancer cell aggregates adopts a spheroid-like 
morphology and peripheral actin localisation; in contrast, higher concentrations of  
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Fig. 1.6. Cooperative behaviour to steer groups. (A) In endothelial cells, VEGF 
activates protrusive lamellipodia in a tip cell, which senses and steers the group 
toward the chemotactic signal. Traction is generated by multiple members of the 
group. (B) In Drosophila border cells, the most responsive to PVF becomes the leader 
which directs and drags the followers forward, although there is also some 
contribution in traction from the followers. (C) The neural crest is attracted to SDF1-
producing placodal cells, which guide their migration. Although neural crest cells have 
intrinsic motility, directionality is conferred to the group by this chemotactic process 
(SDF1 activating CXCR4 on neural crest cells). Traction forces are generated at the 
edge of the neural crest cell group but not in the middle due to CIL. The neural crest 
move toward the placodes, and the placodes are repelled away by CIL between the 
two cell populations. Thus, the neural crest ‘chases’ the placodal cells and the 
placode cells ‘run’ away by CIL. (D) Zebrafish lateral line primordium cells are directed 
by SDF1 in a self-generated gradient thanks to differential expression of receptors 
(CXCR4 at the front, decoy receptor CXCR7 at the rear). Rear cells are necessary 
for steering the group because laser ablation to separate these cells results in a non-
motile front due to the inability to self-generate a chemotactic gradient. 
Adapted from (Theveneau and Linker, 2017). 
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TGF- induces the formation of clusters with higher invasive capacity, resulting in 
clear strand-like collective cell migration (Plou et al., 2018). 
Interestingly, whereas adhesion-independent mechanisms of solitary single cell 
migration have been described, there is almost no evidence yet of collective 
systems that move while lacking cell-ECM connections. In the case of ductal 
morphogenesis, multicellular pushing forces from a stalk cells force the terminal 
bud to protrude into soft tissue in the apparent absence of force-generating 
adhesion complexes (Ewald et al., 2008). 
1.3.3.4 ECM remodelling and accessory cells 
Collective invasion in vivo occurs through or along ECM or other tissues. Owing to 
their size, groups of migrating cells are more spatially constrained than individually 
migrating cells, meaning the cell groups, compared to individual cells, have a 
higher propensity to carve out a path that they can take or otherwise use preformed 
tracks. To achieve this, hollow tube-like ECM tubes can be formed, and there can 
be secondary modification of the extracellular microenvironment, such as via the 
deposition of basement membrane components upon which the group can migrate. 
In vivo, the cell collectives can degrade the ECM and carve out the path of least 
resistance upon which it can move, and these tactics are sometimes essential for 
efficient collective cell migration (Gaggioli et al., 2007, Wolf et al., 2007). The 
modification and enlargement of the path of migration is usually performed by the 
leader cells. For example, traction (from leaders) exerted on the ECM can affect the 
shape of the matrix fibres, and the ECM can promote directional guidance depending 
on the orientation and organisation of its constituent components (Alexander et al., 
2008, Ventre et al., 2012). 
ECM degradation, through secretion of matrix metalloproteinases (MMPs) is 
performed primarily by leader cells, to provide a region into which the cell group can 
move. For instance, tip cells (the leaders) use the surface-localized protease MMP14 
to degrade interstitial fibrillar collagen, and the empty area is then enlarged by 
additional ECM degradation by follower cells (Friedl and Wolf, 2008, Yana et al., 
2007). FGF-stimulated leader tracheal cells in Drosophila secrete MMP2, which 
contributes to the inhibition of FGF receptor (FGFR)–MAPK signalling in followers, 
thereby allowing synchronous group movement forward. In embryos lacking MMP2, 
leader phenotype is unstable; instead, followers are stimulated to become new tip 
cells, resulting in tracheal defects due to collective disorganisation (Ghabrial and 
Krasnow, 2006, Wang et al., 2010a). Alternatively, collective invasion can occur along 
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pre-formed tracks that have low mechanical resistance. This is common in instances 
such as pre-existing basement membrane, vascular tracks or even the lumen of 
lymph vessels (Hendrix et al., 2003). This is one way in which carcinoma invasion 
is promoted; stromal fibroblast leaders generated migratory tracks that exert the least 
resistance to migration (Gaggioli et al., 2007) and carcinoma collective migrative is 
guided by fibronectin (Gopal et al., 2017). 
In addition to ECM degradation, cells can perform secondary matrix remodelling. 
Leader cells secrete ECM components that dramatically alter the ECM 
composition, thereby allowing follower cells to migrate on a favourable substrate. 
For example, epithelial sheets, strands and tubes deposit basement membrane 
components, including collagen IV, perlecan and laminin to generate a smooth 
scaffold track between the migratory group and the ECM (Gudjonsson et al., 2002, 
Brachvogel et al., 2007). The formation of a basement membrane allows cells to 
migrate easily forward with little resistance (Farooqui and Fenteany, 2005, Schmidt 
et al., 2007) and the changes in substrate composition and consequential integrin 
activation and signalling affect the migratory behaviour of the followers, increasing 
the polarised organisation of the cell group (Peng et al., 2013, Nguyen et al., 2000). 
During collective migration, there is often extensive communication between the 
migrating cohort and surrounding cells. In many cases, they can provide a 
supporting role for collective migration e.g. stromal cells such as fibroblasts, 
pericytes and myoepithelial cells. During skin regeneration, epidermal 
keratinocytes interact with dermal fibroblasts to build the basement membrane by 
jointly depositing collagen IV, nidogens, and laminins 1 and 5 (Smola et al., 1998, 
Nischt et al., 2007). Likewise, in sprouting blood vessels, the basement membrane 
is jointly deposited by endothelial cells and pericytes and serves as a guidance 
track for the moving multicellular vessel (Brachvogel et al., 2007). During collective 
cancer cell invasion, fibroblasts cooperate with the leading edge to remodel the 
ECM and guide the cancer cells along the newly formed track (Gaggioli et al., 
2007). Furthermore, whereas fibroblasts use actomyosin contractile forces to 
remodel the ECM via secretion of MT1MMP, cancer cells depend on Cdc42 to 
follow the tracks (Gaggioli et al., 2007). Hence, distinct programmes of collective 
migration exist (Gaggioli et al., 2007). 
1.3.3.5 Chemotaxis 
Cell migration is fundamental to many processes in development and disease, 
including embryonic morphogenesis, wound healing and the immune response 
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(Friedl and Gilmour, 2009). This often involves cells responding to specific signals 
that guide their movement, either from mechanical stimuli, molecules bound to the 
extracellular matrix or soluble external factors (Ricoult et al., 2015, Cai et al., 2014, 
Das et al., 2015, Gardel et al., 2010, Riahi et al., 2015, Roca-Cusachs et al., 2013, 
Charras and Sahai, 2014). Cell migration in response to gradients of the latter, 
called chemotaxis, has been widely studied and it is a well-established and very 
important mechanism that provides directionality and persistence to migrating cells 
(Roca-Cusachs et al., 2013, Roussos et al., 2011, Swaney et al., 2010). Indeed, most 
long-range directional migration in vivo occur by chemotaxis (Dona et al., 2013, 
Theveneau et al., 2010, Majumdar et al., 2014, Haeger et al., 2015, Roca-Cusachs 
et al., 2013). The chemotactic response of cells, in part, involves the polymerisation 
of actin at the leading edge and the accompanying formation of protrusions, and 
myosin-II-mediated contraction at the rear (Kay et al., 2008). 
The first description of chemotaxis was made by Engelmann and Pfeffer in bacteria 
over a century ago (Pfeffer, 1884, Engelmann, 1882). Since then, repulsive (Yang et 
al., 2002, Butler and Dodd, 2003) and attractive cues have been found for a variety 
of processes (Friedl and Gilmour, 2009, Roussos et al., 2011). However, most factors 
are multifunctional on cell behaviour, which makes definitive demonstration of 
chemoattractant behaviour in vivo difficult. Nevertheless, some attributes of 
chemoattractants may be summarised as follows. Chemoattractants are generally 
transcribed, translated and secreted by the target tissue itself to where the responsive 
cells are migrating. These responding cells are required to express a receptor for the 
chemoattractant when temporally appropriate. Loss of the chemoattractant or its 
receptor should lead to failure of cells reaching the target region; instead, non-
directional migration can be expected. In vitro, localised chemoattractants should 
cause chemotaxis and in vivo, cells should be diverted from their normal path by 
ectopic, localised sources of chemoattractant. Chemotaxis should be rescued by an 
exogenous ligand when the endogenous chemoattractant is lost, if placed into the 
region the cells would normally migrate toward. Chemotaxis requires that cells 
migrate up a concentration gradient of a soluble factor, so sufficient and consistent 
changes in the chemoattractant’s concentration should be found to give rise to a 
detectable gradient. This last point is perhaps the most difficult to demonstrate due to 
technical limitations and that in some cases the gradient is generated in situ by the 
migrating cell (Cai and Montell, 2014). Nonetheless, a fulfilment of these criteria is 
important to show that not only are the cells capable of being chemotactic towards 
the factor, but also that chemotaxis is actually happening in vivo. Altered migration in 
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response to the external factor would otherwise demonstrate chemokinesis, the 
process by which factors simply promote or support migration, rather than providing 
directionality to the movement as in the case of chemotaxis, as seen in various cell 
types in physiology and throughout development (Roussos et al., 2011, Kay et al., 
2008). 
Most collective migration in vivo relies on cell groups responding to soluble factors 
such as chemokines or growth factors, many of which are used as models of 
collective cell chemotaxis. Chemokines and growth factors help confer 
supracellular polarisation on migratory groups and act as directional cues.  For 
instance, collective migration of endothelial cells is driven by chemotaxis toward 
vascular endothelial growth factors (VEGFs), FGF2, nitric oxide and other 
cytokines (Priya et al., 2015), which initiates the directional migration of tip cells 
and blood vessel formation (Lamalice et al., 2007, Chauvet et al., 2013) (Fig. 1.7, 
B and B’). Leader cells sense these chemical cues and promote the whole group’s 
chemotaxis, meaning they direct collective migration. Branching morphogenesis of 
the Drosophila trachea displays similar characteristics; leader-directed chemotaxis 
to BnI and FGF (Fig. 1.7, A and A’). In the case of Drosophila border cells which 
undergo chemotaxis toward PVF (platelet-derived growth factor-, PDGF, and 
VEGF- related factor) (Montell et al., 2012), the cell that has highest receptor-
mediated signalling (i.e. the most responsive to the chemotactic agents) becomes 
the leader of its group, with large forward-directed protrusions (Fig. 1.7, E and F). 
Mechanistically, the effect of chemotactic signalling is the induction of cell 
polarisation and the formation and maintenance of protrusions via those signalling 
pathways described previously to promote actin polymerisation (Section 1.2.2.2); 
Cdc42 and Rac are activated and recruited in a polarised manner via 
phosphoinositide signalling (Kolsch et al., 2008). For instance, SDF1 binding to 
CXCR4 in front cells of the lateral line primordium drives actin polymerisation and 
protrusion via the G protein subunit Gβ1 (Xu et al., 2014). Likewise, protrusions 
are oriented in a PDGF-dependent manner during head mesendoderm collective 
cell chemotaxis (Fig. 1.7, I and J). The intracellular signalling induced from 
chemotactic signals also cross-talks with cell-ECM signalling (Guo and Giancotti, 
2004, Shen et al., 2012), for example, FGF2 and VEGF affect integrin signalling by 
regulating integrin expression or FAK phosphorylation (Le Boeuf et al., 2006, 
Avraham et al., 2003, Sieg et al., 2000). Thus, chemotactic signals regulate cell-
substrate adhesions. Inhibition of cell-substrate interactions in Dictyostelium, for 
example, prevents its chemotaxis toward SDF1 because it perturbs cell-cell 
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interactions (Wang et al., 2014). Conversely, integrin signalling generally 
potentiates growth factor receptor activity (Byzova et al., 2000, Kuwada and Li, 
2000). Expression α6β4 integrin in pancreatic cancer cells encourages cancer 
spreading and metastasis by promoting hepatocyte growth factor (HGF)-induced 
activation of Rac1 (Cruz-Monserrate and O'Connor, 2008). 
In the longer term, chemotactic signals control gene expression, thereby regulating 
the heterogeneity of the migratory cell population. In tracheal cells, soluble FGF 
enhances the expression of its own receptor, and also increases expression of 
Delta1 to regulate FGF’s downstream signalling, altogether reinforcing the leader 
phenotype (Ghabrial and Krasnow, 2006, Pocha and Montell, 2014, Vincent et al., 
1998, Ikeya and Hayashi, 1999). Similar genetic effects are observed during 
vascular sprouting (Hellstrom et al., 2007, Siekmann and Lawson, 2007) and 
tumour angiogenesis (Noguera-Troise et al., 2006, Ridgway et al., 2006), ensuring 
the stability of leader cell characteristics. 
Just as how follower cells, in addition to leaders, have a role in supracellular 
polarity and force generation, they likewise play an important role in collective cell 
chemotaxis. For example, neural crest cell chemotaxis is far more efficient as a 
collective than as individually dissociated cells (the cluster is more directional and 
persistent, and a group of n cells will reach their target whereas only a few n 
individual moving cells will reach their destination), suggesting that leaders need 
followers in order to respond properly (Theveneau et al., 2010, Malet-Engra et al., 
2015). The cranial neural crest undergo chemotaxis toward SDF1, and other 
chemokines and growth factors in vivo via stereotypical streams or chains (Section 
2.4.2) (Fig. 1.7, G and H). CIL between cells, including followers, is essential for 
supracellular polarisation and therefore allows for collective behaviour. 
Because chemotactic signals determine directionality, clusters have an advantage 
over single cells in that their larger size means they can better detect a gradient, 
so long as they can cooperate over the entire distance. A consequence of this is 
that a cluster is more persistently polarised along the front-rear axis than individual 
cells (Theveneau et al., 2010). However, a fundamental problem with the ‘source 
and sink’ model in which cells endocytose the chemotactic signal and migrate up 
the gradient is that, whereas externally-imposed gradients are effective at short 
ranges, they work dramatically less well at longer ranges. Moreover, in externally-
imposed gradients, all cells respond similarly. Instead, it is now thought that most 
chemotactic events work in which the migratory cell group self-generates a 
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chemotactic gradient. In the case of the zebrafish lateral line, cells respond to 
uniform external SDF1 rather than a gradient (David et al., 2002, Wilson et al., 2007). 
In addition, while front cells express CXCR4b, rear cells express CXCR7 (Aman and 
Piotrowski, 2008); SDF1 binding to receptors of the latter allow the group to sense a 
gradient by acting as a sink (Fig. 1.7, C and D) (Dambly-Chaudiere et al., 2007, 
Valentin et al., 2007, Dona et al., 2013, Aman and Piotrowski, 2010). Hence, the 
lateral line self-generate an SDF1 gradient across the primordium (Fig. 1.8A). 
Similarly, melanoma cells self-generate a gradient of lysophosphatidic acid (LPA) 
which encourages tumour metastasis (Muinonen-Martin et al., 2014) (Fig. 1.8B). 
During E-Coli CCT along a self-generated gradient, cells migrate as a coherent group 
by spontaneously sorting themselves such that difference between individual 
chemotactic abilities are compensated by differences in the local steepness of the 
traveling gradient each individual must navigate (Fu et al., 2018). In Xenopus, cranial 
neural crest undergo collective chemotaxis toward SDF1-producing placode cells 
(Theveneau and Mayor, 2012b, Mayor and Theveneau, 2013), but CIL between the 
cell populations boosts placode migration further forward, meaning a distance of 
effective chemotactic gradient is maintained as the two cell populations move (Fig. 
1.8C) (Section 2.4.8) (Theveneau et al., 2013). CIL could also help maintain efficient 
collective chemotaxis of other cell populations by this mechanism too; such as 
metanephric mesenchyme chemotaxis toward glial cell line-derived neurotrophic 
factor (GDNF) (Costantini and Kopan, 2010), CIL between front and rear regions of 
the lateral line by FGF (Nogare et al., 2014), and/or between tumour cells and 
fibroblasts (Bhowmick et al., 2004, Pietras and Ostman, 2010, Szabo and Mayor, 
2015). Furthermore, cell-cell communication enhances the capacity of cell groups to 
sense shallow gradients during morphogenesis (Ellison et al., 2016), although there 
are limits to the precision of gradient sensing with spatial communication and 
temporal integration (Mugler et al., 2016). 
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Fig. 1.7. Examples of collective cell chemotaxis. (A to B’) Branching 
morphogenesis of Drosophila trachea and sprouting morphogenesis of mouse retina 
toward BnI or VEGF, respectively. Both are examples of the chemoattractant inducing 
tip and stalk cell fates via Notch-mediated lateral inhibition. (C and D) Caudal 
migration of the zebrafish lateral line primordium toward SDF1, which binds CXCR4 
on front cells and CXCR7 on rear cells. Front cells respond by forming protrusions, 
while followers endocytose SDF1. (E and F) Drosophila border cells migrate 
posteriorly and then dorsally in the egg chamber between nurse cells in response to 
PVR and EGF, with the most responsive cell having large forward-directed 
protrusions. They are in contact with polar cells (purple) during migration. (G and H) 
Neural crest migrate ventrally across the Xenopus head toward SDF1. Collective 
migration requires CIL to polarise front cells and co-attraction via C3a/C3aR to 
prevent dispersion. (I and J) Collective migration of head mesendoderm toward the 
blastocoel roof (BCR), which is a source of PDGF in Xenopus. Protrusions are 
oriented in a PDGF and cell–cell contact–dependent manner.  
Adapted from (Scarpa and Mayor, 2016).  
61 
 
 
Fig. 1.8. Self-generated chemoattractive gradients during collective cell 
migration. (A) The front of the zebrafish lateral line primordium expresses CXCR4 
(green), whereas the rear expresses CXCR7 (red). SDF1 is initially uniformly 
expressed and binds to both receptors. But while activated CXCR4 results in 
protrusion formation, CXCR7 acts as a decoy receptor that becomes internalised 
upon SDF1 binding. Thus, the lateral line self-generates an SDF1 gradient which can 
be followed. (B) LPA is initially heterogeneously distributed in the ECM. Melanoma 
cells degrade LPA, thereby self-generating a gradient due to low local LPA levels. 
Thus, the undergo self-generated chemotaxis to LPA. (C) Xenopus neural crest cells 
(grey) undergo collective chemotaxis towards SDF1 that is secreted by placode cells 
(pink). Upon contact, they trigger CIL which forces the placodes to move away. This 
‘chase and run’ mechanism (Section 2.4.8) allows for continue movement along the 
gradient. 
Adapted from (Mayor and Etienne-Manneville, 2016). 
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2 Neural crest 
2.1 Introduction to neural crest 
2.1.1 A brief history 
The neural crest, first identified exactly 150 years ago, is the name given to the fold 
of neural ectoderm at the junction between neural and epidermal ectoderm in neural-
stage vertebrate embryos. It was first discovered by Wilhem His in 1868  as a cell 
population between the dorsal neural tube and the dorsal epidermal ectoderm and 
the source of spinal and cranial ganglia (His, 1868). His named this cell population 
‘Zwischenstrang’, the intermediate cord, which was later renamed neural crest by 
Arthur Milnes Marshall in 1879 (Marshall, 1879). Most initial research was performed 
in amphibian embryos (Hörstadius 1950), before cell labelling techniques such as 
radioisotopic labelling with tritiated thymidine, rhoadamine-lysinated dextra, the vital 
dye dil, and the quail-chick marking system (Le Douarin, 1969) allowed researchers 
to visualise neural crest through development. Now, a wide variety of techniques are 
utilised to study the neural crest in vitro and in vivo and in a variety of species. 
2.1.2 A brief overview 
The neural crest is a highly migratory, transient, multipotent embryonic stem cell 
population found exclusively in vertebrates. Indeed, it has been proposed that the 
emergence of the neural crest was central to the evolution of vertebrates (Northcutt 
and Gans, 1983, Gans and Northcutt, 1983), accounting for the acquisition of greater 
complexity in the vertebrate head (Munoz and Trainor, 2015). It is initially induced at 
the neural plate border, before migrating toward more dorsal regions of the 
developing embryo. During migration or upon arrival at their destination, the neural 
crest differentiates into various cell types, contributing extensively to many different 
tissues. For this reason, the neural crest has been called ‘the fourth germ layer’. 
The neural crest is a diverse cell population; their position in the embryo, their origin, 
their behaviour including migratory method, and cell type they will differentiate into 
differs from one species to another, from one subpopulation to another and even from 
one cell to another within the same subpopulation. 
2.2 Neural crest formation 
2.2.1 Induction/specification 
The neural crest is initially induced at late blastula stages at the neural plate border 
as a result of the interaction between the ectodermal neural plate and the non-neural, 
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ectodermal epidermis (Duband et al., 2015) (Fig. 2.1). Neural crest can be induced 
whenever a border between these two tissues forms (Mancilla and Mayor, 1996, 
Selleck and Bronner-Fraser, 1995, Bronnerfraser, 1994, Sauka-Spengler and 
Bronner-Fraser, 2008). 
In Xenopus and zebrafish, induction is driven by a reduction of bone morphogenetic 
protein (BMP) signalling in the ectoderm (Marchant et al., 1998, Nguyen et al., 1998). 
In other vertebrates, such as chick and mouse, induction appears to be driven by the 
confrontation of BMP-expressing ectoderm with non-BMP-expressing ectoderm 
(Streit and Stern, 1999). In addition to BMP signalling, Wnt activity, FGF signalling, 
retinoic acid and Notch signalling all play an important role in the induction and 
maintenance of the neural crest; these signals are produced by neighbouring regions 
and in particular by the neural plate, the epidermal ectoderm and the underlying 
mesoderm (Milet and Monsoro-Burq, 2012, Prasad et al., 2012). The precise 
combination of these signalling molecules controls neural crest specification 
(Steventon et al., 2005) by regulating the expression of transcription factors at the 
neural epidermal border belonging to the Msx, Pax and Zic families (Tribulo et al., 
2003, Woda et al., 2003, Luo et al., 2002). These transcription factors in turn 
upregulate neural crest-specific transcription factors such as Slug/Snail, 
SoxE/Sox9/Sox10, FoxD3, AP-2 and c-Myc (Sasai et al., 2001, Mayor et al., 2000, 
LaBonne and Bronner-Fraser, 2000, del Barrio and Nieto, 2002, Aybar et al., 2003, 
Honore et al., 2003, Meulemans and Bronner-Fraser, 2004) that activate target genes 
responsible for further neural crest development. All three levels of interaction shape 
a system of tightly controlled relationships that create the neural crest gene regulatory 
network; and in Xenopus, all of these neural crest specifiers are necessary and/or 
sufficient for the expression of all of the other specifiers, demonstrating the existence 
of extensive cross-regulation (Sauka-Spengler and Bronner-Fraser, 2008, Bronner-
Fraser, 2005, Basch et al., 2004, Huang and Saint-Jeannet, 2004, Meulemans and 
Bronner-Fraser, 2004). 
2.2.2 Maintenance 
Neural crest identity is maintained during neurulation and is driven by Wnt and BMP 
activity from the intermediate mesoderm (Steventon et al., 2009). A gene regulatory 
network, including the above described transcription factors such as Snail1 and 
Snail2, which are members of the SNAI family of transcription factors, are expressed 
by the neural crest where further development is required (del Barrio and Nieto, 2002, 
Shi et al., 2011, LaBonne and Bronner-Fraser, 2000). Snail promotes the expression  
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Fig. 2.1. Overview of neural crest development. A, The neural crest form by a 
series of regulatory events: induction at the neural plate border, specification, 
delamination from the neural tube, migration throughout the embryo and 
differentiation into many derivatives. B, a gene regulatory network controls neural 
crest development. Inductive signals pattern the ectoderm and induce the expression 
of neural plate border specific genes, which define plate border territory. These genes 
engage in positive regulation and drive neural crest specification, which results in 
activation of EMT machinery to allow the neural crest to become migratory. Migratory 
neural crest express genes that allow them to remain motile and eventually initiate 
different differentiation programmes.  
Adapted from (Simoes-Costa and Bronner, 2015) and (Martik and Bronner, 2017)  
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of other maintenance genes, such as Twist, FoxD3 and Sox9 and Sox10 (Aybar et 
al., 2003). Twist, a basic helix-loop-helix (bHLH) transcription factor, and Id, a direct 
target of c-Myc, are also important for the maintenance of neural crest stem cell 
identity. These maintenance genes are required to ensure the steady state of the 
population of the neural crest by acting as survival factors through inhibition of 
apoptosis and proliferation (Sauka-Spengler and Bronner-Fraser, 2008, Vega et al., 
2004, Tribulo et al., 2004). Altogether, they ensure that an appropriate number of 
neural crest precursors are maintained before the beginning of migration. 
2.2.3 Delamination and epithelial-mesenchymal transition (EMT) 
After induction and specification, the neural crest is initially a highly cohesive but non-
migratory population of cells with epithelial characteristics. They leave the border of 
the neural plate through a process of delamination. Delamination is defined as the 
separation of tissue into different populations, in this case the neural crest cells 
separating from the surrounding tissue (Theveneau and Mayor, 2012b). This process 
involves the neural crest going through a full or partial epithelial-mesenchymal 
transition (EMT), which refers to a series of events coordinating a change from an 
epithelial to mesenchymal phenotype (Lamouille et al., 2014). 
Prior to delamination, presumptive neural crest cells are initially anchored to 
neighbouring cells by tight junction proteins such as occludin and cell adhesion 
molecules such as NCAM and E-Cadherin (Kandel, 2013). Dorsally expressed BMPs 
initiate delamination through upregulation of factors that are also involved in neural 
crest induction, such as the zinc finger transcription factors snail1, snail2, slug, twist, 
FoxD3 and sox9 and sox10 (Sanes, 2012, Cheung et al., 2005). When Sox9, Snail2 
and FoxD3 are overexpressed together they are able to induce ectopic neural crest 
cells (Cheung et al., 2005). A transient inhibition of Wnt signalling may also be 
required for delamination (Rabadan et al., 2016). These signals coordinate changes 
in the structure of the neural plate cells, causing fusion of the neural folds, and 
resulting in the formation of a closed neural tube and of neural crest on its dorsolateral 
aspect on each side (Duband et al., 2015, Theveneau and Mayor, 2012b). Both the 
prospective neural plate and the prospective epidermis contribute to the neural crest 
(Mancilla and Mayor, 1996, Selleck and Bronner-Fraser, 1995). Hence the 
neuroectoderm splits into two populations, the neural tube and the neural crest 
(Theveneau and Mayor, 2012b). 
Prior to delamination, the neural crest are epithelial. Epithelial cells are tightly bound 
together, highly stable, organised in sheets, supported by a basal lamina and display 
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apico-basal polarity. Mesenchymal cells, on the other hand, are loosely associated 
with their neighbours and are highly motile. The change from epithelial to 
mesenchyme type is known as EMT (Nieto and Cano, 2012, Thiery et al., 2009). EMT 
therefore marks a change from a non-migratory epithelial-tissue with stable cell 
adhesions to a mesenchymal migratory population with transient or looser 
connections. EMT plays a key role in development; it is required for various processes 
including formation of the mesoderm during gastrulation, heart morphogenesis and 
the formation of the sclerotome (Larue and Bellacosa, 2005). In addition, the 
invasiveness of cancer cells is associated with cells undergoing EMT (Angela Nieto, 
2013, Thiery et al., 2009, Thiery and Morgan, 2004). EMT is a reversible process and 
cells can revert to epithelia by mesenchymal-epithelial transition (MET) (Chaffer et 
al., 2007). 
EMT is characterised by a loss in apico-basal polarity markers, a gain in front-rear 
polarity, a reduction in intercellular adhesions and increased motility converting highly 
cohesive epithelial cells to the loosely connected mesenchymal cells (Hay, 1995). 
This switch requires many cellular changes, including actin reorganisation, cell-cell 
adhesion disassembly and changes to cell-matrix adhesions. 
For neural crest, partial or full EMT is important for their delamination and essential 
for their subsequent migration. During EMT in neural crest cells, epithelial cell-cell 
junction proteins such as E-Cadherin, gap junction components and tight junction 
components are downregulated (Vandewalle et al., 2005, Kirby and Hutson, 2010). 
Many of the regulators of EMT in neural crest are those involved during its induction, 
maintenance and delamination. For example, BMP signalling, in addition to its 
inductive and delamination-inducing roles, activates Sip1 (van Grunsven et al., 2007), 
a transcriptional repressor and known promoter of EMT (Thiery et al., 2009, Kang and 
Massague, 2004, Kerosuo and Bronner-Fraser, 2012), in neural crest cells (Rogers 
et al., 2013). Sip1 specifically targets genes involved in epithelial cell-cell junctions, 
inhibits the expression of E-Cadherin (Rogers et al., 2013, Vandewalle et al., 2005) 
and its absence from neural crest cells prevents normal migration in vivo (Van de 
Putte et al., 2003). Many of the transcription factors involved in delamination, such as 
slug, snail and twist, also repress the expression of E-Cadherin and other epithelial 
junction components during EMT (Taneyhill et al., 2007, Nieto et al., 1994, Kang and 
Massague, 2004, Carl et al., 1999), which leads to the reconstruction of cell junctions 
(Barriga et al., 2013, Bolos et al., 2003). These factors also reduce the expression of 
occluding and promote modification of NCAMs with polysialic acid residues to 
decrease adhesiveness (Sanes, 2012, Taneyhill, 2008). HIF-1 also plays a role in 
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promoting EMT in the neural crest by promoting the expression of Twist, which 
represses E-Cadherin (Barriga et al., 2013). 
As described above, a key feature of EMT is a cadherin switch where the expression 
of one type of cadherin is repressed and another is promoted. In addition to the 
reduction of E-Cadherin and tight junction components, weaker cadherins are 
upregulated. The cranial neural crest initially switches from expressing E-Cadherin to 
N-Cadherin, which is essential for its efficient migration  (Rogers et al., 2013, Scarpa 
et al., 2015, Dady et al., 2012). The switch from E-Cadherin to N-Cadherin in cranial 
neural crest cells coincides with neural induction (Dady et al., 2012, Nandadasa et 
al., 2009, Rogers et al., 2013). Consequently, neural crest cells leave the closing 
neural tube and start expressing N-Cadherin (Bronnerfraser et al., 1992, Xu et al., 
2001a, Theveneau et al., 2010) through the action of Sip1, and the transcription 
factors Ets1, LSox5 and p53 (Perez-Alcala et al., 2004, Theveneau et al., 2007, Rinon 
et al., 2011, Rogers et al., 2013, Van de Putte et al., 2003). This upregulation in N-
Cadherin in the cranial neural crest is essential for their migration (the role of N-
Cadherin for migration is described in detail in Section 2.4) (Rogers et al., 2013, 
Scarpa et al., 2015, Van de Putte et al., 2003). Some type II cadherins are also 
expressed during migration, such as cadherin-7 and cadherin-11 (Cheung et al., 
2005, Hadeball et al., 1998, Nakagawa et al., 2001), and residual levels of E-Cadherin 
also continue to be expressed (Barriga et al., 2013). 
In contrast to cranial neural crest, the cadherin switch is not sufficient to promote EMT 
and delamination from the neural tube in trunk neural crest; instead, the cadherins 
switch again from N-Cadherin to cadherin-6 and cadherin-7 (Nakagawa and Takeichi, 
1995, Park and Gumbiner, 2012, Clay and Halloran, 2014), which is controlled by the 
transcription factors Snail/Slug, Foxd3 and Sox9/10 (Cheung et al., 2005). Hence, 
these factors mediate a change in the neural crest from strong adhesions to weak 
ones. 
In addition to the change in cell-cell adhesion components, neural crest cells also 
acquire a migratory phenotype during EMT. This involves the expression of 
intermediate filament proteins, the flattening of the cells and the ability to generate 
lamellipodia and filopodia to facilitate migration. The onset of migration in the neural 
crest is characterised by blebbing in the membrane, a process mediated by myosin II 
and ROCK activity (Berndt et al., 2008). Once the neural crest have separated from 
the neural tube the cells start to produce more robust lamellipodia and filopodia 
(Berndt et al., 2008). 
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Neural crest cells also begin expressing proteases capable of degrading cadherins 
such as a distintegrin and metalloproteinase 10 (ADAM10) (Mayor and Theveneau, 
2013) and MMPs that degrade the overlying basal lamina of the neural tube to allow 
neural crest cells to escape (Kandel, 2013). They also express integrins that 
associate with ECM proteins, including collagen, fibronectin, and laminin, during 
migration (Sauka-Spengler and Bronner-Fraser, 2008). Once the basal lamina 
becomes permeable the neural crest cells can begin migrating throughout the 
embryo. 
The processes of EMT and delamination are intimately linked, and the onset of these 
two processes relative to each other varies for different population of the neural crest 
along the anterior-posterior axis and for different species (Theveneau and Mayor, 
2012b). In the cranial neural crest of Xenopus, the model used in this thesis, 
delamination occurs prior to the onset of EMT and the neural crest all delaminate at 
once as a collective whilst the neural tube is still open (Sadaghiani and Thiebaud, 
1987), allowing the tissue to start its migration as  group (Theveneau and Mayor, 
2012b). As cells lose epithelial polarity, strong cell-cell and cell-matrix adhesions and 
acquire motility, they can leave the neuroepithelium of the dorsal neural tube and 
become highly migratory (Theveneau and Mayor, 2012b). Similar delamination is 
observed in mouse cranial neural crest (Nichols, 1981, Nichols, 1987) but chick 
cranial neural crest delaminate only upon fusion of the neural folds (Duband and 
Thiery, 1982). By contrast, trunk neural crest cells delaminate gradually one at a time 
as single cells after the neural tube has closed (Clay and Halloran, 2010, Duband, 
2010, Erickson and Weston, 1983, Sela-Donenfeld and Kalcheim, 2000, Berndt et al., 
2008, Clay and Halloran, 2014), demonstrating the fact that delamination and EMT 
are two distinct processes that corresponds to separate events. For the avian trunk 
neural crest, asymmetric localisation of DLC1 promotes their directional delamination 
and individual cell migration (Liu et al., 2017). Inhibition of delamination by preventing 
cells to enter the S-phase does not affect the EMT programme and the expression of 
Snail2 (Burstyn-Cohen et al., 2004). Furthermore, ectopic expression of Sox9 can 
induce neural crest but not EMT (Cheung and Briscoe, 2003). However, in some 
cases, the two processes intertwine; the transcription factor Sox9, apart from 
controlling neural crest specification and survival, can also trigger EMT in coordination 
with Snail2 (Cheung et al., 2005). 
Overall EMT is a intricate process that requires change in cellular architecture driven 
by small GTPases, cytoskeletal re-organisation, cell junctional alterations and 
changes in supracellular polarity. The neural crest therefore undergoes dramatic 
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changes during EMT that facilitate them for their next migratory phase. Indeed, 
because EMT is a hallmark of metastasis in cancer and the neural crest have been 
compared to cancer cells (Fig. 2.2), the neural crest is often used as a model to 
investigate the molecular mechanisms driving the process (Kulesa et al., 2013, 
Kerosuo and Bronner-Fraser, 2012, Powell et al., 2013, Gallik et al., 2017). 
2.3 Neural crest differentiation 
The neural crest are multipotent stem cells, able to differentiate into many cells types 
and extensively contribute to numerous tissues (Fig. 2.3A) (Dupin et al., 2006). Their 
specification is a multistep process that occurs during and after cell migration. Neural 
crest cells receive paracrine inductive signals from the neural tube, paraxial 
mesoderm and the overlying ectoderm as they migrate that specify their fate, and 
their fate is determined by the time at which they migrate, their origin, the stream in 
which they are found and their destination (Rogers et al., 2012, Le Douarin and Teillet, 
1974, Stemple and Anderson, 1993, Le Douarin et al., 1993, Le Douarin, 2004). 
Based on their position of origin along the anterior-posterior axis, the region into which 
they migrate and the tissues that they contribute to, the neural crest can be sub-
divided into four populations: cranial or cephalic, vagal and sacral, truncal and 
cardiac. The neural crest differentiates into a vast number of cell types that include 
ectomesenchymal cells and non-ectomesenchymal cells. The cranial neural crest 
migrates dorsolaterally through the embryo into the pharyngeal arches. They colonise 
the face and neck, contributing to the craniofacial mesenchyme, which includes 
cartilage, bone, dermis,, smooth muscle, teeth, cranial neurons, glia and connective 
tissue (Hall, 2008, Theveneau and Mayor, 2011c). Trunk neural crest migrates in one 
of two directions. Those that migrate dorsolaterally over the somites give rise to the 
melanocytes, while those that migrate ventrolaterally between somites and the neural 
tube become glia, dorsal root ganglia, part of the sympathetic nervous system, and 
neurons of the peripheral nervous system and epinephrine-producing cells of the 
adrenal gland depending on how far they migrate. The vagal and sacral neural crest 
migrate ventrally into the splanchnic and parasympathetic ganglia of the enteric 
nervous system in the gut. The cardiac neural crest migrate into the pharyngeal 
arches developing into melanocytes, cartilage, connective tissue and pharyngeal arch 
neurons, contributing to heart valves and arteries. Some migrate beyond the 
pharyngeal arches (also known as the branchial arches) to the cardiac outflow tract 
where they contribute to the arteries and the cardiac septum of the cardiovascular 
system. 
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Fig. 2.2. Cancer and neural crest development. A, Pre-migratory neural crest and 
benign tumours express high levels of the indicated signalling pathways which induce 
expression of similar transcription factors (B) that initiate EMT. During EMT, similar 
changes in adhesion proteins are observed that allow cells to escape from their 
original tissue (C), as well as matrix remodelling proteins (D). E, neural crest migrate 
in a solitary of collective fashion, like neural crest, depending on context.   
 
Adapted from (Theveneau and Mayor, 2012b) 
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2.4 Neural crest migration 
2.4.1 Introduction 
After undergoing EMT, the neural crest becomes a highly migratory cell population, 
often likened to invasive cancers (Theveneau and Mayor, 2012b, Kulesa et al., 2013, 
Theveneau and Mayor, 2011b, Kerosuo and Bronner-Fraser, 2012). Neural crest cell 
migration has been studied in a variety of vertebrate animal models, 
including Xenopus, zebrafish, chick, mouse (Barriga et al., 2015) and even non-
classical model organisms such as lamprey (Nikitina et al., 2008), hagfish (Ota et al., 
2007) and turtle (Gilbert et al., 2007, Cebra-Thomas et al., 2013). The neural crest 
migrate ventrally down the embryo, initially as a continuous wave away from 
the neural tube, but quickly splitting into discrete streams along stereotypical 
pathways to various sites (Fig. 2.3A). The cranial neural crest migrates along 
dorsolateral routes between the ectoderm and underlying paraxial mesoderm 
(Tosney, 1982, Kuo and Erickson, 2010). In chick and mouse, early trunk neural crest 
migrates ventrolaterally through the anterior sclerotome (Bronner-Fraser, 1986, 
Rickmann et al., 1985, Loring and Erickson, 1987, Teillet et al., 1987). Trunk neural 
crest migrating later, which will become melanocytes, follow the dorsolateral path 
between the dermomyotome and dorsal ectoderm, with their migration affected by the 
structure of the somites (Rawles, 1948, Collazo et al., 1993, Kelsh et al., 2009). 
However in zebrafish and Xenopus, melanocytes use both ventromedial and 
dorsolateral pathways. 
In this thesis, the cranial neural crest of Xenopus and zebrafish embryos have been 
used as a model system for studying collective cell migration and collective cell 
chemotaxis, because they migrate collectively and in response to external 
chemotactic signals both in vivo and ex vivo, after dissection and culture of the neural 
crest (Alfandari et al., 2003). Hence the details below, unless otherwise stated, refer 
to the Xenopus and zebrafish crania neural crest, rather than other neural crest cell 
populations. This section will outline the multiple factors known to be involved in 
neural crest migration, including physical constraints, cell-cell and cell-matrix 
interactions, and chemotaxis (Woods et al., 2014, Theveneau and Mayor, 2012c, 
Perris, 1997). 
2.4.2 Formation of streams 
As the neural crest begin migration, they are gathered into characteristic streams. 
The cranial neural crest initially splits into three distinct stereotypical streams: the 
mandibular, hyoid and branchial. The loosely associated neural crest cells that make 
72 
 
up these streams migrate large distances along established routes ventrally to invade 
the segmented branchial arches (BAs). In these streams, the neural crest cells 
migrate large distances, confined between the basal lamina beneath the epidermis 
and the developing dermomyotome along the dorso-ventral axis of the developing 
head. In the head, inhibitory cues such as Semaphorin-3F (Gammill et al., 2007) and 
versican (Szabo et al., 2016), and others, are expressed in the epibranchial placode 
cells surrounding the migratory streams originating from the hindbrain (Section 2.4.3). 
In addition, EphA4, EphB1 and ephrin-B2 are expressed in the neural crest and 
matching mesoderm (Smith et al., 1997). Blocking the function of these inhibitors 
impairs the correct formation of neural crest streams (Gammill et al., 2007, Smith et 
al., 1997), suggesting that the neural crest streams are shaped by a pre-existing 
environmental pattern of inhibitors that funnels the neural crest into correct migratory 
pathways (Golding et al., 2000). However, prior to migration the inhibitors are not 
patterned along the presumptive neural crest streams in the epibranchial region as 
they are expressed as a continuous band adjacent to the neural crest. Therefore, how 
the initial formation of the neural crest streams is established remains unknown.  
Other sources of pre-pattern have been suggested at late stages of migration when 
the neural crest streams enter the pharyngeal arches, a series of composite 
structures segmenting the head (Graham and Smith, 2001, Shone and Graham, 
2014). The pattern of the arches is established through patterned expressions of 
BMP/FGF in the endoderm independently of the neural crest (Veitch et al., 1999) 
which might control the establishment of the neural crest stream pattern (Cerny et al., 
2004). However, while this could explain the separation of the cranial neural crest 
streams at the late migratory stages, it is unclear how the neural crest streams in the 
ectoderm would be guided by the distant endoderm. Furthermore cranial streams of 
the neural crest have been observed prior to pharyngeal arch morphogenesis 
(Schilling and Kimmel, 1994, Kimmel et al., 2001). Consequently, one idea is that the 
initial establishment of the neural crest streams results from the dynamic interactions 
of the neural crest and placodal tissues, which are known to occur in neural crest 
migration (Theveneau et al., 2013) (Section 2.4.8). 
2.4.3 Restrictive signals 
The fate of the neural crest cells is determined by the stream they are in. For this 
reason, and to promote neural crest invasion itself, it is important that the cells 
maintain their streams. There are a variety of factors promoting and maintaining the 
restriction of the streams. The death of some neural crest cells in specific areas is 
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thought to contribute to the initial formation of the streams by creating the crest-free 
regions between the streams (Kirby and Hutson, 2010). Negative cues define and 
maintain the neural crest-devoid regions between the separate streams as the neural 
crest migrate through permissive areas. However, whether they help establish the 
streams is unclear (Section 2.4.2). The repulsion is driven by a number of inhibitory 
molecules. 
The repulsive signals of ephrins and class 3 semaphorins are the major two family 
groups acting as restrictive signals between neural crest streams (Fig. 2.3B) (Yu and 
Moens, 2005). The formation of these ligand/receptor complexes result in 
bidirectional signalling that repels the neural crest, by protrusion collapse which is 
observed at the interface between neural crest and neighbouring tissue (Theveneau 
and Mayor, 2012c). Semaphorins 3A, 3F and 3G are expressed in the crest-free area 
between the streams; and their cognate receptors, neuropilins 1 and 2, and the co-
receptor plexin A1, are expressed by the cranial neural crest (Koestner et al., 2008, 
Yu and Moens, 2005, Osborne et al., 2005, Eickholt et al., 1999, Gammill et al., 2007, 
Vastrik et al., 1999). Neural crest cells expressing these receptors are repulsed by 
the presence of the semaphorins and therefore do not migrate on the regions where 
they are present (Eickholt et al., 1999, Chilton and Guthrie, 2003, McLennan and 
Kulesa, 2007). Likewise, class 3 semaphorins contribute to neural crest segregation 
in the head, trunk and caudal regions of the sclerotome (Eickholt et al., 1999, Gammill 
et al., 2007, Gammill et al., 2006, Osborne et al., 2005, Yu and Moens, 2005, 
Toyofuku et al., 2008) by acting through plexin–neuropilin complexes expressed by 
the neural crest (Gammill et al., 2006, Gammill et al., 2007, Osborne et al., 2005, Yu 
and Moens, 2005). Perturbed semaphorin signalling results in ectopic migration of 
cranial neural crest cells between the normal streams in mouse (Gammill et al., 2007), 
and migration of the trunk neural crest also relies on repulsive semaphorin signalling 
(Gammill et al., 2006). 
The Eph/Ephrin family also restrict migration of the neural crest to distinct streams. A 
variety of Ephs and ephrins are expressed by and around the cranial neural crest, 
respectively, of many different model organisms and although the exact expression 
is not conserved across species, the role they play is always inhibitory (Wang and 
Anderson, 1997, Smith et al., 1997, Davy and Soriano, 2007, Mellott and Burke, 2008, 
Adams et al., 2001, Davy et al., 2004, Winning et al., 1996). There is a similar role for 
Eph/Ephrins in chick trunk neural crest migration (Santiago and Erickson, 2002). This 
includes preventing neural crest cells from invading non-neural crest tissue and the 
caudal half of somites, thereby restricting them to the rostral half of somites in chick 
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embryos (Kuriyama and Mayor, 2008, Gammill and Roffers-Agarwal, 2010). 
Perturbation of Eph/Ephrin signalling results in the formation of non-distinct streams 
with the neural crest either invading surrounding tissue or migrating across to the 
wrong stream (Smith et al., 1997). For instance, ephrin-B2 is expressed in the second 
branchial arch and is a repulsive cue for neural crest cells that migrate to the third 
and fourth branchial arches, as they express EphA4 and EphB1 (Smith et al., 1997). 
The mixing of neural crest from different streams is also prohibited because neural 
crest belonging to different streams express complementary Eph receptors and 
ephrin ligands (Theveneau and Mayor, 2012b). 
Other signals that restrict neural crest migration involve Slit/Robo interactions. The 
receptors Robo1 and Robo2 are expressed by early migrating trunk neural crest cells 
and respond to Slit2, which is expressed in the dorsolateral pathway (Jia et al., 2005, 
Giovannone et al., 2012). Additionally, the extracellular matrix proteoglycan, versican, 
is also expressed by the region between the streams and its presence confines the 
migration of the neural crest to versican-free regions (Szabo et al., 2016). The BMP 
anagonist, DAN, is expressed in mesoderm that becomes absent along migratory 
pathways, restrains cell speed thereby inhibiting uncontrolled neural crest (and also 
metastatic melanoma) invasion (McLennan et al., 2017). Moreover, restricting the 
neural crest to streams in silico facilitates their migration (Szabo et al., 2016, Woods 
et al., 2014), similar to other migrating cell types (Liu et al., 2015, Xi et al., 2017, Chen 
et al., 2018, Denais et al., 2016, Monzo et al., 2016, Lautscham et al., 2015) in which 
cells are funnelled down corridors. 
2.4.4 Cell-cell contacts and collective cell migration 
The neural crest displays a range of migratory behaviours depending on species and 
location within the embryo. Some exhibit a more individual migratory behaviour 
(Kulesa et al., 2004), whereas most of neural crest cells migrate together, either as 
chains, groups or even single sheets, in spite of the fact that neural crest go through 
EMT (Friedl and Gilmour, 2009, Theveneau and Mayor, 2011b, Rorth, 2009, Kulesa 
et al., 2010, Thiery et al., 2009). For example, cephalic neural crest cells maintain 
short and long-range cell–cell interactions during migration both in vitro (Erickson, 
1985) and in vivo (Kulesa and Fraser, 1998, Kulesa and Fraser, 2000, Teddy and 
Kulesa, 2004). This kind of movement has been called collective cell migration, which 
can be defined as the coordinated migration of cells as tight clusters or loose groups 
(as in the case of neural crest), where cooperation between cells contributes to their 
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overall directionality (Theveneau and Mayor, 2012b, Rorth, 2009, Friedl et al., 2012, 
Revenu et al., 2014, Etienne-Manneville, 2014, Theveneau and Mayor, 2012a). 
Overall directionality during collective cell migration is higher than during single cell 
migration, indicating that intercellular interactions promote the directionality of 
migrating neural crest (Kulesa and Fraser, 1998, Kulesa and Fraser, 2000, Teddy 
and Kulesa, 2004). Unlike epithelial cells, which move slowly and have tightly formed 
intercellular adhesions, the collective mass of the mesenchymal neural crest is a 
cohesive unit linked by transient contacts, such as N-Cadherin adhesions (Nakagawa 
and Takeichi, 1995, Pla et al., 2001, Taneyhill, 2008, Kulesa and McLennan, 2015). 
Cadherin levels, such as cadherin-11 and N-Cadherin, are tightly regulated as their 
presence is required for migration and too high or low levels can prevent migration 
(Kashef et al., 2009, Theveneau et al., 2010, Becker et al., 2013, Kuriyama et al., 
2014, Vallin et al., 1998, Borchers et al., 2001). N-Cadherin dynamics is regulated 
by LPA receptor 2 (LPAR2), prompting N-Cadherin endocytosis which leads to an 
increase in tissue plasticity (Kuriyama et al., 2014). This plasticity allows neural crest 
cells to migrate under physical constrains without abolishing cell cooperation 
(Kuriyama et al., 2014). Hence, cell contacts are maintained but allow transient 
connections with a more fluid-like phenotype. N-Cadherin also controls re-
organisation of the tissue and acquisition of migratory features through its induction 
of CIL via its inhibition of Rac1 (Section 2.4.6). The protocadherin PCNS is also 
expressed in migrating neural crest and is required for its migration (Rangarajan et 
al., 2006), although its role is not known. 
Cell-cell communication is also necessary for efficient neural crest migration. Cx43, 
a gap junction protein that facilitates cell-cell communication, is important in regulating 
the speed and directionality of the neural crest; reduced expression results in reduced 
migration (Huang et al., 1998). Neural crest cells with reduced Cx43 expression have 
more protrusive activity and have less polarised migration. Also, cells lacking Cx43 
fail to retract in response to Semaphorin (Xu et al., 2006). Further to its role in cell-
cell communication, Cx43 is also involved in regulating adhesion through interactions 
with N-Cadherin (Xu et al., 2001b, Xu et al., 2001a). Moreover, semaphorin and 
ephrin inhibitory signals ensure NC remain in streams (Section 2.4.2), and short-
range chemotaxis (Section 2.4.7.2) promotes collectiveness of the group. 
2.4.5 Cell-substrate interactions 
The neural crest migrates via permissive substrates containing extracellular matrix 
(ECM) proteins. In Xenopus, cranial neural crest express 51 integrin which allows 
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it to migrate on fibronectin, its migratory substrate (Epperlein et al., 1988), which 
surrounds the migrating neural crest streams (Alfandari et al., 2003). However, in 
other populations, such as trunk neural crest from chick, other ECM proteins are 
involved, such as collagen, laminin or vitronectin (Bilozur and Hay, 1988), and so 
different integrins are required (Testaz and Duband, 2001). Cranial neural crest also 
express the proteoglycan, Syndecan-4 which binds to fibronectin (Matthews et al., 
2008) and is important for the formation of focal adhesions (Woods et al., 2000). In 
vivo, collective neural crest migration relies on stiffening of the underlying head 
mesoderm, which triggers EMT (Barriga et al., 2018). Mechanosensation is detected 
by an integrin-vinculin-talin complex, which is necessary and sufficient for neural crest 
migration (Barriga et al., 2018). 
Apart from receiving signals from local environment, neural crest cells alter their local 
milieu via ECM degradation. This is achieved through expression of various MMPs, 
(Giambernardi et al., 2001, Cai and Brauer, 2002, Duong and Erickson, 2004, 
Cantemir et al., 2004, Tomlinson et al., 2009), endopeptidases that process cell 
surface molecules. Also, various ADAMs – cell-surface-bound glycoproteins that 
participate in cell-cell adhesion by cleaving transmembrane proteins – are expressed 
(Alfandari et al., 1997, Cai et al., 1998), including ADAM13 which cleaves matrix 
glycoproteins (Alfandari et al., 2001). Both MMPs and ADAMs degrade a wide range 
of molecules from the ECM that are implicated in invasive behaviour during cell 
migration (Sternlicht and Werb, 2001, Edwards et al., 2008). TIMP2, a regulator of 
the activity of matrix metalloproteinases, is also required for neural crest migration 
(Cantemir et al., 2004). Expression of the glycoprotein Tenascin C is critical for neural 
crest migration (Tucker, 2001). 
The totality of intrinsic and external input guide the neural crest as a collective through 
distinct streams in a directional manner. How these various cues are integrated and 
interpreted at the level of the cell and of the cluster is not well understood, though. 
2.4.6 Contact inhibition of locomotion and directional migration 
The importance of directional migration for the neural crest lies with the fact that they 
must reach and populate specific target regions. Directional migration requires cell 
polarisation, in order to specify a front that has localised actin polymerisation and a 
rear that is able to contract (Kay et al., 2008, Krause and Gautreau, 2014).  
As discussed previously (Section 1.3.3.2), CIL can polarise cells in a contact-
dependent manner (Mayor and Carmona-Fontaine, 2010, Roycroft and Mayor, 2016). 
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CIL has been since identified in neural crest cells and is the driving force behind 
phenomena including cell dispersion and collective cell migration. 
CIL affects the behaviour of individual neural crest cells and the neural crest cell 
group. For single cells, it encourages cell dispersion by forcing colliding cells to 
migrate away from each other. For the group, CIL between cranial neural crest cells 
is required for collective directional migration in vitro, in vivo, and in silico (Carmona-
Fontaine et al., 2008b, Theveneau et al., 2010, Theveneau et al., 2013, Woods et al., 
2014). The signalling components responsible for CIL in neural crest cells appear to 
converge to regulate the small/Rho GTPases, Rac, Cdc42 and Rho, which are 
responsible for cell polarisation and cell migration including directionality (Ridley et 
al., 2003). Non-canonical (planar cell polarity, PCP) Wnt signalling is necessary for 
CIL in neural crest cells, by activating RhoA at sites of intercellular contact, which in 
turn suppresses the generation and maintenance of lamellipodia through its target 
ROCK (Carmona-Fontaine et al., 2008b, Carmona-Fontaine et al., 2008a). 
Specifically Wnt11 binds to Frizzled7 of a neighbour cell, which leads to the 
recruitment of Dischevelled at the cell-cell contacts, which activates a variety of 
molecules including RhoA (Matthews et al., 2008). Moreover, 
the proteoglycan syndecan-4, expressed by neural crest cells, cooperates with non-
canonical Wnt and N-Cadherin signalling to inhibit Rac activity at the cell–cell contact 
(Carmona-Fontaine et al., 2008a, De Calisto et al., 2005, Matthews et al., 2008). 
Together, mutually exclusive zones of Rac1 and RhoA activity are generated in neural 
crest cells, meaning that protrusions are formed only at sites where there is no 
homotypic neural crest contact, because RhoA activation at the contact site results in 
reorganisation of actin cytoskeleton, which in turn leads to collapse of protrusions at 
the contact site and concurrent inhibition of Rac1. Meanwhile, Rac is promoted at the 
free edge. This asymmetric distribution of RhoA at the contact and Rac1 at the free 
edge leads to a change in cell polarity and in the direction of migration. Perturbation 
of components from the Wnt-PCP pathway inhibits neural crest migration in vivo and 
in vitro (De Calisto et al., 2005, Carmona-Fontaine et al., 2008a). Likewise, perturbed 
N-Cadherin expression results in an increase in Rac1 levels at the contact 
(Theveneau et al., 2010). The presence of E-Cadherin however suppresses CIL, 
indicating that the switch from E- to N-Cadherin during EMT controls contact inhibition 
of locomotion in neural crest cells (Scarpa et al., 2015). Moreover, CIL is controlled 
tissue-autonomously through the PDGFA/PDGFR/PI3K/Akt signalling axis that 
controls N-Cadherin upregulation during EMT (Bahm et al., 2017). The tight junction 
complex protein Par3 also plays a role in CIL in the neural crest (Moore et al., 2013). 
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Most neural crest cells migrating in vivo maintain close proximity and move in 
compact groups. Therefore, the polarity required for directional migration is 
established because at the free edge of the cell cluster, due to the lack of neural crest 
cell–neural crest cell contact (Fig. 2.3B, purple protrusions), cells become polarized 
and generate protrusions such as lamellipodia away from the group (Carmona-
Fontaine et al., 2008b, Mayor and Carmona-Fontaine, 2010, Petrie et al., 2009), 
whilst no protrusions are formed in the middle of the cluster. Hence, directional 
migration is an emergent property of NC cells that depends on cell–cell interactions 
(Groeger and Nobes, 2007, Astin et al., 2010, Dumortier et al., 2012). Rather than 
acting simply as an intrinsic force that promotes single cell migration, shifts in CIL 
probabilities can underlie transitions between solitary cell migration and collective cell 
migration (Desai et al., 2013). However, CIL alone is not sufficient to explain 
directional migration, as it would promote cell dispersion on its own. Significant 
evidence supports the presence and requirement of chemoattractants for neural crest 
migration in vitro and in vivo (Section 2.4.7). 
2.4.7 Chemotaxis 
2.4.7.1 Long-range chemoattractants 
Various chemoattractants have been proposed for the neural crest (Shellard and 
Mayor, 2016), including SDF1/CXCL12 (Theveneau et al., 2010, Killian et al., 2009, 
Belmadani et al., 2005, Rezzoug et al., 2011), FGF (Creuzet et al., 2004, Sato et al., 
2011, Kubota and Ito, 2000), VEGF (McLennan et al., 2010, Bron et al., 2004, 
McLennan et al., 2015, McLennan and Kulesa, 2010), PDGF (Tallquist and Soriano, 
2003, Eberhart et al., 2008, Kawakami et al., 2011, Bahm et al., 2017), stem cell 
factor (SCF) (Rovasio et al., 2012), neurotrophin 3 (NT-3) (Zanin et al., 
2013), GDNF (Mwizerwa et al., 2011, Young et al., 2001, Goto et al., 
2013), neuregulin 1 (NRG1) (Saito et al., 2012) and TGFβ (Saika et al., 2001). 
However, whether chemotaxis mediates the long-range directional migration of neural 
crest in vivo has not been conclusively demonstrated. Chemoattractants do not seem 
necessary for directional migration in vitro and in silico, where it has been suggested 
to be a self-organising property of the neural crest (Theveneau et al., 2010, Woods 
et al., 2014, Alfandari et al., 2003) as discussed in Section 2.4.6. Furthermore, many 
neural crest cells begin migration prior to full development of the target tissue and it 
is unclear how different neural crest subpopulations would be able to share common 
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Fig. 2.3. Neural crest migration. (A) Migration routes of the neural crest (green) in 
a representative vertebrate embryo. D, diencephalon; M, mesencephalon; R, 
rhombomere; OV, otic vesicle; BA, branchial arch; red squares, somites. Below, 
examples of some of the cell types to which neural crest differentiate. (B) 
Representation of neural crest migrating in a cephalic stream. Neural crest cells 
migrate in distinct streams, mostly as a collective. Lateral migration is restricted by 
inhibitory signals at the borders (blue). Directional migration is an emergent property 
from CIL, whereby Rho (orange) is upregulated at sites of N-Cadherin-based contact 
(red) between cells; only leaders can generate Rac-dependent protrusions (purple). 
This leads to a polarised group of neural crest cells. Migration is inefficient by 
individual cells because polarity is not generated by CIL, a process dependent on cell 
interactions. NC, neural crest. 
 
Adapted from (Shellard and Mayor, 2016). 
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migratory routes and invade different target regions using a limited number of 
chemoattractants. Conversely, some factors fill many of the criteria discussed 1.3.3.5, 
including appropriate expression patterns and chemotactic behaviour of neural crest 
toward them. Here we will examine the current evidence of the four most studied 
potential chemoattractants, which have the most convincing data. 
Stromal cell-derived factor 1 (SDF1) 
SDF1 regulates many directional migration events during embryonic development, 
including migration of the zebrafish posterior lateral line primordium 
(PLLp), primordial germ cells (PGCs) and various neural crest-derived cells 
(Belmadani et al., 2005, David et al., 2002, Boldajipour et al., 2008, Ding et al., 2013, 
Haas and Gilmour, 2006, Valentin et al., 2007). In many model organisms, SDF1 is 
expressed along the path taken by neural crest cells (Killian et al., 2009, Belmadani 
et al., 2005, Saito et al., 2012, Escot et al., 2013, Rehim et al., 2008, Kasemeier-
Kulesa et al., 2010)  that express the corresponding receptor, CXCR4 (Killian et al., 
2009, Belmadani et al., 2005, Kasemeier-Kulesa et al., 2010, Belmadani et al., 2009, 
Chong et al., 2007, Chong et al., 2001). In some of these cases, chemotactic activity 
of the neural crest to SDF1 has not been properly tested, and how chemotaxis would 
be achieved in chick, where SDF1 is not found as a gradient, is unclear (Escot et al., 
2013, Rehim et al., 2008). But there are some examples of chemotaxis to SDF-1 that 
are supported by experimental evidence. For example, CXCR4-expressing neural 
crest are chemotactic to SDF1 in vitro (Belmadani et al., 2005, Braun et al., 2002) and 
SDF1 misexpression diverts these neural crest cells away from their normal path, 
causing major defects such as cardiovascular abnormalities in many organisms 
(Escot et al., 2013, Kasemeier-Kulesa et al., 2010, Belmadani et al., 2009, Braun et 
al., 2002, Knaut et al., 2003, Svetic et al., 2007, Dona et al., 2013, Venkiteswaran et 
al., 2013), although mice neural crest behave rather differently in that SDF1 
and CXCR4 mutants display only mild abnormalities (Tachibana et al., 1998, 
Nagasawa et al., 1996). In Xenopus, chick and zebrafish, perturbed SDF1 signalling 
disrupts neural crest cell migration (Killian et al., 2009, Rezzoug et al., 2011, 
Kasemeier-Kulesa et al., 2010, Belmadani et al., 2009), and some of the downstream 
components of this pathway have been identified. For example, the GEF Ric-8A is 
required for neural crest chemotaxis to SDF-1 in vitro (Fuentealba et al., 2013), but 
its mechanism of action is unclear. The regulation of the CXCR4 receptor has also 
been shown to be important for neural crest migration, as the transcription factor HIF-
1α controls chemotaxis to SDF1 by regulating CXCR4 expression (Barriga et al., 
2013). 
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In Xenopus, cell–cell interactions are essential for the collective chemotaxis of neural 
crest cells toward placodal-produced SDF1 (Theveneau et al., 2010). SDF-1 is only 
able to stabilize cell polarity in cells already polarized by cell–cell contacts, and 
therefore cannot attract non-polarized individual neural crest cells (Theveneau et al., 
2010). Mathematical modelling has shown that cell contact enhances the chemotactic 
response (Coburn et al., 2013), consistent with the experimental evidence that SDF-
1 stabilises and amplifies cell protrusions promoted by cell contact (Theveneau et al., 
2010), similar to the chemotactic response of Drosophila border cells EGF and PVF 
(Prasad and Montell, 2007). 
One major long-standing question is how neural crest segregates into different 
regions to colonize and differentiate into distinct tissues and organs. It has been 
proposed that different neural crest subpopulations express different receptors (Lumb 
et al., 2014). Indeed, it has been shown that differential response to SDF1 and 
neuregulin by distinct neural crest subpopulations determines whether these cells will 
migrate into the sympathetic ganglia or the dorsal root ganglia (Saito et al., 2012, 
Kasemeier-Kulesa et al., 2010). 
Vascular endothelial growth factor (VEGF) 
By the onset of neural crest migration, VEGF is expressed in the head ectoderm of 
avian embryos, specifically overlaying the dorsolateral migratory path of the 
rhombomeric 4 (r4) cranial neural crest, which expresses its canonical 
receptor, VEGFR2 (VEGF receptor 2), and co-receptor, neuropilin-1 (McLennan et 
al., 2010, Anderson-Berry et al., 2005, McLennan and Kulesa, 2007). VEGF 
expression later extends to the second branchial arch (BA2), and seems to be 
reduced in the on-route ectoderm (McLennan et al., 2010). During the initial stages 
of migration, VEGF is uniformly expressed in the overlying ectoderm, rather than as 
a gradient (McLennan et al., 2010). Nonetheless, both VEGFR2 and neuropilin-1 
receptors are required for VEGF-mediated migration to BA2 (Bron et al., 2004, 
McLennan and Kulesa, 2010). In vitro, cranial neural crest are attracted to BA2 and 
VEGF (McLennan et al., 2010) and in vivo, r4 neural crest can be diverted from their 
normal path by ectopic VEGF (McLennan et al., 2010, McLennan et al., 2015). 
Perturbed VEGF/VEGFR2/neuropilin-1 signalling does not affect directional migration 
toward the BA2 entrance, but prevents invasion of BA2 at later stages (McLennan et 
al., 2010, McLennan and Kulesa, 2010, McLennan and Kulesa, 2007). 
It is not clear how VEGF can control directional neural crest migration, as no VEGF 
gradient has been demonstrated so far. A mathematical model of neural crest 
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migration has proposed that the VEGF signal is diluted through the proliferation of 
neural crest cells which self-generate a VEGF gradient by the endocytosis of the 
ligand (Fig. 2.4A) (McLennan et al., 2012). This model posits that only leader cells 
respond to VEGF, whereas trailing cells respond to a second, unknown signal 
produced by leader cells (McLennan et al., 2012). However, a recent publication 
suggests that trailing cells can indeed respond to VEGF (McLennan et al., 2015). 
Moreover, there are key assumptions that are still awaiting experimental evidence: 
the consumption of VEGFA, the short-range signals transmitted from leader to 
follower cells, and the exclusive response of leader cells to VEGFA. It is unlikely that 
the neural crest self-generate a gradient in mice, because murine neural crest 
express VEGFA themselves (Wiszniak et al., 2015). 
Fibroblast growth factor (FGF) 
FGF8 is expressed in the pharyngeal arch ectoderm and endoderm during neural 
crest migration through the arches (Walshe and Mason, 2003, Abu-Issa et al., 
2002) and it is not expressed by the neural crest (Frank et al., 2002). Its expression 
is partly dependent on Notch in mouse, and on the presence of the neural crest cells 
themselves in chick (Creuzet et al., 2004, High et al., 2009, Creuzet et al., 2002). 
Migration of different neural crest populations to their targets is dependent on 
FGF8 (Abu-Issa et al., 2002, Frank et al., 2002, High et al., 2009, Trokovic et al., 
2003, Cavanaugh et al., 2015a, Trokovic et al., 2005). However, there is varying 
evidence of chemotaxis between different neural crest subpopulations and species. 
In some cases, the neural crest have been shown to express FGF8’s cognate 
receptors, FGFR1 and FGFR3, and there is evidence that neural crest can be 
diverted from their usual paths by ectopic FGF8 beads (Creuzet et al., 2004, Sato et 
al., 2011). For other cases, there is only evidence that FGF8 is important for neural 
crest migration, but not for chemotaxis (Trokovic et al., 2003, Trokovic et al., 2005, 
Cavanaugh et al., 2015a). Species differences in neural crest migration can be 
illustrated in cardiac development, where neural crest chemotaxis to FGF8 is critical 
for heart development in chick and mouse (Abu-Issa et al., 2002, Kirby et al., 1983, 
Macatee et al., 2003), unlike in zebrafish where FGF signalling is redundant for neural 
crest contribution to the heart (Cavanaugh et al., 2015b). 
FGF2 has also been proposed as a chemoattractant for neural crest. FGF2 is locally 
expressed and under the control of FGF8 in the mandibular mesenchyme (Kubota 
and Ito, 2000). Mesencephalic mouse neural crest cells express FGFR1 and FGFR3, 
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but although these neural crest are chemotactic to FGF in vitro, there are no 
functional studies of FGF2 chemotaxis in vivo (Kubota and Ito, 2000). 
Platelet-derived growth factor (PDGF) 
PDGFRα (PDGF receptor) is expressed in the migrating neural crest of many species 
(Cebra-Thomas et al., 2013, Eberhart et al., 2008, Takakura et al., 1997, Ho et al., 
1994, Orrurtreger et al., 1992, Schatteman et al., 1992, Bahm et al., 2017) and in 
non-neuronal derivatives of the cranial neural crest (Kirby et al., 1983, Orrurtreger et 
al., 1992, He and Soriano, 2013). PDGFRα protein also localises to neural crest, 
although its expression is not exclusive to neural crest and neural crest-derived 
tissues (Kawakami et al., 2011). Patch heterozygotes, in which PDGFRα is deleted, 
have defects in pigment cells derived from neural crest (Morrison-Graham et al., 
1992). Patch homozygotes have abnormalities suggestive of defective cardiac neural 
crest (Soriano, 1997, Kirby and Hutson, 2010) and PDGFRα mutants exhibit cleft 
palate, which results from failed neural crest development (Schatteman et al., 1992, 
Soriano, 1997, Robbins et al., 1999). PDGFRα’s cognate ligands, PDGFA and 
PDGFC, are found in the ectoderm, otic vesicle and pharyngeal endoderm (Eberhart 
et al., 2008, Ho et al., 1994, He and Soriano, 2013, Tallquist et al., 2000, Ding et al., 
2000), which are neural crest targets. In mouse, both PDGFRα and PDGFRβ are 
required for the normal migration of cardiac neural crest (Richarte et al., 2007). 
Although some neural crest derivatives are capable of chemotaxis to PDGFA in vitro 
(He and Soriano, 2013), which ligand is required for signalling through PDGFRβ, and 
whether it acts chemotactically on neural crest cells in vivo, is unknown. Exogenously 
implanted PDGF-AA is able to attract PDGFRα-expressing neural crest in vivo 
(Eberhart et al., 2008, Tallquist and Soriano, 2003, Kawakami et al., 2011). In 
zebrafish, it appears that PDGF-AA pre-localised to where the PDGFRα-expressing 
NC cells migrate (Eberhart et al., 2008). Interestingly, the expression pattern of a 
PDGFRα negative regulator, the microRNA Mirn140, is identical to PDGFRα, and it 
has been proposed that this mechanism of PDGFR signalling modulation mediates 
the chemotaxis of cranial neural crest to the oral ectoderm, since overexpression of 
Mirn140 phenocopies PDGFRα mutants (Eberhart et al., 2008). 
In conclusion, although there is some evidence that suggest that SDF1, VEGF, PDGF 
and FGF could work as neural crest chemoattractants, none of these molecules have 
been shown to be present in a gradient along the neural crest migratory pathways; 
the development of new tools to visualise gradients in vivo would resolve this (Rizza 
et al., 2017). Instead of precluding these molecules to be classified as neural crest 
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chemoattractant, the mechanism to sense a chemoattractant could be more complex 
than simply reading a long range gradient. However, what is clear is that in many 
cases, neural crest do require external chemotactic signals for normal directional 
migration. 
2.4.7.2 Co-attraction 
As mentioned previously, CIL (Section 2.4.6) is essential for directional collective cell 
migration but it is not sufficient alone, otherwise it would drive cell dispersion. To 
counteract this, short-range chemotaxis is used to maintain the cohesion of groups of 
cells during migration, as suggested in cancer (Hoelzinger et al., 2007, Jechlinger et 
al., 2006) and demonstrated in Dictyostelium (Kay et al., 2008). Despite having 
weak cell adhesion complexes, most neural crest cells migrate collectively rather than 
as individuals (Theveneau and Mayor, 2011b, Kulesa et al., 2010, Kulesa and Fraser, 
2000). Short-range chemotaxis is used to maintain collectiveness in neural crest 
groups during directional migration. Neural crest cells produce the complement 
factor C3a, and express its receptor, C3aR (Carmona-Fontaine et al., 2011). 
Therefore, high levels of C3a are found where neural crest cells are abundant, and 
cells that lose contact with their neighbours are able to migrate back to the group, 
following this chemotactic gradient. This mutual attraction is a process termed co-
attraction. Mechanistically, C3a signalling leads to Rac1 activation which is sufficient 
to polarise escaping neural crest back to the group (Fig. 2.4C) (Carmona-Fontaine et 
al., 2011). This mechanism of short-range chemotaxis is termed co-attraction. Co-
attraction counterbalances CIL, which is required for directional migration but 
promotes cell dispersion (Carmona-Fontaine et al., 2011, Carmona-Fontaine et al., 
2008b), by keeping the cells together as a collective as their migration requires this 
nature (Theveneau et al., 2010, Woods et al., 2014). 
Accordingly, inhibition of C3 or its receptor reduces collectiveness, as cells are forced 
apart by CIL and can no longer efficiently migrate towards a chemoattractive source 
(Carmona-Fontaine et al., 2011, Woods et al., 2014). C3a and C3aR have also been 
found in cephalic neural crest cells in mouse (Lambris and Mayor, unpublished) and 
chick (Bronner and Mayor, unpublished), and in the mesoderm of Xenopus embryos 
(McLin et al., 2008). Neural crest migration in avian and zebrafish embryos also 
suggest a co-attractive behaviour, although the molecular mechanisms are unknown. 
The importance of short-range chemotaxis to hold groups of cells together is 
supported by mathematical models, where co-attraction and CIL are necessary and 
sufficient for generating directional migration of groups in confined streams 
(Carmona-Fontaine et al., 2011, Woods et al., 2014). 
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2.4.8 Chase and run 
Many examples of paracrine chemotaxis, to enhance migration and for cell guidance, 
have been described in development and cancer (Kulesa et al., 2010, Erickson, 1985, 
Boldajipour et al., 2008). Xenopus and zebrafish neural crest cells, which 
express CXCR4, also undergo paracrine chemotaxis in response to SDF1 secreted 
by placodal cells in vitro (Theveneau et al., 2013). Cranial placodes are thickened 
regions of ectoderm that contribute to the development of cranial sensory structures 
(Steventon et al., 2014). Reciprocal interactions between the neural crest and 
placodal cells are required for normal morphogenesis of both populations (Steventon 
et al., 2014). Mechanistically, CIL generates polarised neural crest (Carmona-
Fontaine et al., 2008b) whose protrusions are stabilised by SDF1 which enhances 
and maintains the polarity (Theveneau et al., 2010). Upon contact with neural crest 
cells a transient but functional N-Cadherin-based adhesion complex is formed 
between neural crest and placodal cells (Theveneau et al., 2013). Migratory neural 
crest explants normally generate traction forces around the edge (Scarpa et al., 
2015), but at the point of N-Cadherin engagement focal adhesions and protrusions 
are downregulated as CIL is induced (Theveneau et al., 2013). Consequently, neural 
crest repolarise and separate from the placodal cells, whilst loss of focal adhesions 
and collapse of protrusions in the rear of the placode cluster causes the placodal cells 
to move away from the NC. This process has been termed ‘chase and run’ in which 
neural crest chase placodal cells by short-range chemotaxis, whereas the placode 
runs away from neural crest by CIL (Fig. 2.4B). The bidirectional interactions between 
neural crest and placodal cells coordinate highly efficient directional migration of both 
populations towards lateral and ventral regions. 
CIL appears to play a two-fold role in neural crest migration. In addition to the 
homotypic CIL found between neural crest cells, heterotypic CIL also occurs between 
the neural crest and placodes (Theveneau et al., 2013). The neural crest are attracted 
to the placodes by the chemokine SDF1. When neural crest cells collide with the 
placodes CIL occurs and both the protrusions of the neural crest and the placodes 
collapse. The placodes then repolarise and migrate away from the contact, due to 
CIL. This generates a ‘chase and run’ mechanism whereby the placodes move away 
from the neural crest when they collide and the neural crest chase after them, once 
their protrusions have recovered, due to the placodes providing a chemoattractive 
source (Theveneau et al., 2013). Thus, the migration of the placodes depends on the 
neural crest and vice-versa. 
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Because of the wide variety of tissues to which they contribute, mutations that affect 
neural crest development can lead to congenital diseases defined as 
neurocristopathies (Etchevers et al., 2007) and research into the mechanisms of 
neural crest development may give an important contribution to the understanding of 
these pathological conditions may indicate potential therapeutic strategies.  
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Fig. 2.4. Mechanisms of neural crest cell chemotaxis. (A) Proposed model for a 
neural crest self-generated gradient of VEGF (pink) from an initially uniform 
expression of VEGF in the overlying ectoderm. VEGF is consumed by neural crest, 
potentially by its endocytosis when bound to VEGFR2/neuropilin-1 (purple). Leaders 
are able to respond to unconsumed VEGF in front, relaying a signal to its followers. 
The diffuse VEGF signal from a source means that there is always some VEGF to 
which the front cells can respond. (B) Neural crest undergo short-range chemotaxis 
to placodal cells (blue) via placodal-secreted SDF1 (yellow) which 
binds CXCR4 (olive) on neural crest. CIL through PCP signalling and a transient N-
Cadherin adhesion mediates repulsion between neural crest and placodes, leading 
to the placode moving away (run) from the neural crest, while the neural crest still 
follow (chase) the placode due to chemotaxis. This is referred to as ‘chase and run’. 
Thus, movement of both cell populations is interdependent. (C) Neural crest co-
attraction. Neural crest co-expresses the chemoattractant C3a and its cognate 
receptor C3aR. Neural crest-produced C3a binds to C3aR on neural crest cells, 
causing activation of Rac. In this manner, C3a promotes cohesion of the neural crest 
cluster; cells that move away by CIL return to the high concentration of C3a present 
in the cluster. 
 
Adapted from (Shellard and Mayor, 2016) 
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Hypothesis 
Directed migration orchestrates important events in development, homeostasis and 
disease (Friedl and Gilmour, 2009, Roca-Cusachs et al., 2013, Mayor and Etienne-
Manneville, 2016, Haeger et al., 2015). Chemical and mechanical external cues are 
essential for long-range directed migration (Majumdar et al., 2014, Roca-Cusachs et 
al., 2013), which have been best understood in individually migrating cells but less 
studied during the prominent collective migration of cells.  
Collective cell migration by durotaxis, whereby cell groups follow gradients in the 
stiffness of the extracellular matrix, has recently been explained on the cellular level 
(Sunyer et al., 2016). However, most collective cell migration in vivo occurs by 
chemotaxis, whereby cell groups follow gradients of soluble chemical cues (Silver 
and Montell, 2001, Montell, 2003, Dona et al., 2013, Gilmour et al., 2017, Haas and 
Gilmour, 2006, Theveneau et al., 2010). Leader cells of collective cell migration have 
been studied extensively; they have highly dynamic actin-based protrusions 
(Theveneau et al., 2010, Friedl and Gilmour, 2009), form interactions with follower 
cells and with the extracellular matrix, and are responsive to chemotactic signals 
(Mayor and Etienne-Manneville, 2016, Cai et al., 2014, Wang et al., 2010b). Despite 
this, how the action of the leaders would be transmitted to the group and how the 
entire group responds collectively to the chemoattractants remains unexplained. 
This thesis addresses the biomechanics of collective cell chemotaxis ex vivo and in 
vivo, using the cranial neural crest, an embryonic mesenchymal stem cell population 
that migrates large distances by collective chemotaxis towards SDF1 (Theveneau et 
al., 2010) in a manner similar to cancer cells (Kerosuo and Bronner-Fraser, 2012). 
Although the contractile forces involved in single cell migration are comparatively well 
understood, very little is known about how they act in collective cell migration. 
The hypothesis is that cells at the group’s rear, to which little attention has been paid, 
may contribute to collective cell chemotaxis by providing contractile forces. 
The cranial neural crest is ideal to address this question. Epithelial sheets, a common 
model for collective migration, has no back and uses no chemotactic signals. In other 
models of collective chemotaxis, such as border cells or the lateral line, analysis of 
their forces is difficult because they cannot be studied in vitro. By contrast, the neural 
crest has a clear front and rear, and can be studied both ex vivo and in vivo. 
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Materials and methods 
3.1 Solutions 
3.1.1 Marc’s modified ringer’s (MMR) 
100 mM NaCl, 2 mM KCl, 1 mM MgSO4, 2 mM CaCl2, 5 mM HEPES, 0.1 mM EDTA, 
pH 7.6. 
3.1.2 Normal amphibian medium (NAM 1/10) 
11 mM NaCl, 0.2 mM KCl, 0.1 mM Ca(NO3)2, 0.1 mM MgSO4, 10 mM EDTA, 0.2 mM 
NaH2PO4, 0.1 mM NaHCO3, pH 7.5, 50 m/mL streptomycin. 
3.1.3 Cysteine solution 
2% L-cysteine (Sigma, C7352) in H2O with 50 mM NaOH. 
3.1.4 Ficoll solution 
3% polysucrose (Ficoll, Sigma) in NAM 3/8. 
3.1.5 NAM 3/8 
40.7 mM NaCl , 0.74 KCl, 0.37 mM Ca(NO3)2, 0.37 mM MgSO4, 37 M EDTA, 0.37 
mM NaH2PO4, 0.1 mM NaHPO4, pH 7.5, 50 m/mL streptomycin. 
3.1.6 MEMFA 
100 mM MOPS, 1 mM MgSO4, 2 mM EGTA, 3.7% formaldehyde. 
3.1.7 Phosphate buffer saline (PBS) 
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2PO4, 1.4  mM H2PO4, pH 7.3. 
3.1.8 PBS with Tween (PBT) 
1X PBS with 0.1% Tween-20. 
3.1.9 Bleaching buffer 
20% H2O2, 2.5% 20X SSC, 5% formamide. 
3.1.10 20X saline-sodium citrate buffer (SSC) 
3 M NaCl, 0.3 M tri-sodium citrate, pH 7.0. 
3.1.11 Hybridisation buffer 
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50% formamide, 5X SSC, 1X Denhardt’s solution, 1 mg/mL ribonucleic acid, 100 
g/mL heparin, 0.1% CHAPS, 10 mM EDTA, 0.1% Tween-20, pH 5.5. 
3.1.12 Washing buffer 1 
50% formamide, 10% 20X SSC, 0.1% Tween-20. 
3.1.13 Washing buffer 2 
25% formamide, 10% 20X SSC, 0.1% Tween-20. 
3.1.14 Washing buffer 3 
12.5% formamide, 10% 20X SSC, 0.1% Tween-20. 
3.1.15 Washing buffer 4 
10% 20X SSC, 0.1% Tween-20. 
3.1.16 Washing buffer 5 
1% 20X SSC, 0.1% Tween-20. 
3.1.17 Maleic acid buffer (MAB) 
100 mM maleic acid, 100 mM NaCl, 0.1% Tween-20, pH 7.6. 
3.1.18 Anti-digoxigenin-alkaline phosphatase (AP) buffer 
100 mM NaCl, 50 mM MgCl2, 100 mM Tris-HCl, pH 9.8, 0.1% Tween-20. 
3.1.19 Danilchick’s medium for Amy (DFA) 
53 mM NaCl, 5 mM Na2CO3, 4.5 mM K-Gluconate, 32 mM Na-Gluconate, 1 mM 
MgSO4, 1 mM CaCl2, 0.1% bovine calf serum albumin (BSA; Sigma, A4503), pH 8.3 
adjusted with bicine. 
3.1.20 E3 medium 
5 mM NaCl, 180 M KCl, 330 M CaCl2.2H2O, 400 M MgCl2.6H2O, pH 7.2 adjusted 
with NaOH, 2 L of 1% methylene blue (Sigma-Aldrich) per 1 L. 
3.1.21 Tricaine solution 
20 mM tricaine methanesulfonate (Tricaine, or MS-222)  
3.1.22 Clearing mix 
Two volumes benzyl alcohol, 1 volume benzyl benzoate (Sigma-Aldrich). 
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3.1.13  Diethylpyrocarbonate water (DEPC) 
0.1% diethylpyrocarbonate. 
3.1.14  Mowiol 
25% glycerol, 10% Mowiol 4-88 (Sigma, 81381), 50% 0.2 M Tris HCl, pH 8.5. 
3.2 Embryological and histological procedures 
3.2.1 Animal care 
Adult Xenopus laevis (Nasco, and Xenopus Resource Centre) were kept in standard 
conditions (water temperature: 17oC; room temperature: 20oC; water conductivity 
1600 S, water pH 6.8) in the animal facilities of University College London. They 
were used in accordance with the regulations of the Animals (Scientific Procedures) 
Act 1986, as described previously (Steventon et al., 2009). Animal licenses were 
approved by University College London and the UK Home Office. 
Adult zebrafish strains were maintained according to standard procedures, described 
previously (Westerfield, 2000).Three transgenic zebrafish strains are used in this 
thesis: Tg(Sox10:GFP) (Carney et al., 2006), which labels neural crest cytoplasm; 
Tg(Sox10:mG) (Richardson et al., 2016), which labels neural crest nuclei and cell 
membrane; Tg(Sox10:nuclearRFP-Gal4) (Cavanaugh et al., 2015a, Moore et al., 
2013), which labels neural crest nuclei. These transgenic lines drive fluorescent 
expression from the Sox10 promoter, which is specifically expressed by neural crest 
cells during their migration. 
3.2.2 Preparation and staging of embryos 
Xenopus laevis embryos were obtained as previously described (Barriga et al., 2018). 
Briefly, ovulation of mature Xenopus laevis females was induced by subcutaneous 
injection of 100 IU pregnant mare serum gonadotrophin hormone (PMSG; Intervet) 
into females 2-5 days before a second injection of 500-750 IU of chorionic 
gonadotrophin hormone (Chorulon; Intervet), which was performed ~16 hours before 
the planned fertilisation. Egg-laying females were kept in MMR at 17oC, which 
maintains the naturally laid mature oocytes inactivated until collection. Testes were 
obtained from male Xenopus laevis by anaesthetisation in Tricaine solution for 40 
min, and then culling by pithing. The testes were dissected and stored in Leibovitz L-
15 medium (Invitrogen, 11415-064) with added streptomycin (5 g/mL, Sigma, 
85886) at 4oC. Mature oocytes were fertilised in vitro in a 100 mm tissue culture dish 
(Falcon 734-0006) with 500 L MMR which had a small piece of testes crushed in it. 
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After 10 min, NAM 1/10 was added to the dish. Fertilised eggs were de-jellied no 
earlier than the 1-cell stage in cysteine solution. Embryos were raised at 14.5oC in 
NAM 1/10 and staged according to the normal table of Xenopus development 
(Nieuwkoop and Faber, 1967). 
Zebrafish were bred according to standard procedures (Westerfield, 2000). They 
were fed prior to pairing male and female adults with a divider in a breeding box ~16 
hours before mating. The divider was removed and 0.5-1 h later, embryos were 
collected in a 9 cm Petri dish with Fish H2O and methylene blue (a disinfectant). 
Embryos were cleaned under tap water to remove dead embryos and debris. 
Embryos were raised at 28oC and staged according to the normal table of zebrafish 
development (Kimmel et al., 1995). 
3.2.3 Embryo microinjections 
Xenopus laevis and zebrafish embryos were injected using a Narishige IM300 
microinjector under a LeicaMZ6 or a Nikon SMZ645 dissecting microscope. Needles 
were made from 0.58 mm borosilicate glass capillaries (Intracel, 01-001-06; or 
Harvard Apparatus) using a Narishige PC-10 dual-stage needle puller. The puller was 
set to the two-step mode with the first step set to 88oC and second step adjusted to 
99.4oC. Needles were calibrated with an eyepiece graticule to inject a volume of 5 nl 
or 10 nl per injection for Xenopus, or 5 nl per injection for zebrafish. 
For Xenopus, embryos were injected with mRNA, DNA or morpholino (or their 
combination). Ficoll is a highly branched hydrophobic polysaccharide used to 
preserve the integrity of the embryo during microinjection. Fluorescein-dextran (FDX; 
Invitrogen, D1821, 20 ng) or rhodamine-dextran (RDX; Invitrogen, D1824, 20 ng) 
were used as tracers, where appropriate. Embryos were injected at the 4-cell stage: 
once into the dorsal blastomere and once into the ventral blastomere on one side of 
the embryo. For injection of morpholinos, or to more precisely target the neural crest, 
embryos were injected into the animal ventral blastomere at the 8-cell stage on one 
side. For cell labelling, embryos were injected with mRNAs for nuclear RFP and/or 
membrane GFP and/or membrane RFP and/or membrane eBFP2. Injection 
quantities and form are shown in Table 3.1. Alternatively, Hoescht 33342 (1:1000, 
Leica B2251) was added to the imaging solution to stain nuclei for live imaging. 1-16 
h post-injection embryos were transferred to NAM 1/10 and kept at 14.5oC. 
Alternatively, embryos were kept between 14oC and 18oC to change the speed of 
development. 
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For zebrafish, embryos were injected with DNA in fish H2O at the 1-cell stage and 
kept at 28oC. Alternatively, embryos were maintained between 27oC and 31oC to 
change the speed of development and maintained in fish H2O or E3 medium. For 
Gal4/UAS transactivation with UAS:MLC-GFP, zebrafish were grown to 8 hpf (75% 
epiboly) before being incubated in a solution containing 5 M Tamoxifen (Sigma-
Aldrich, T5648). Note that MLC refers to myosin regulatory light chain II. 
Construct Injection form Injection quantity per 
embryo 
Nuclear-RFP mRNA 300 pg 
Membrane-
RFP/GFP/eBFP2 
mRNA 300 pg 
OptoGEF-RhoA mRNA 1.3 ng 
CIBN-GFP-CAAX mRNA 2.6 ng 
Mito-GFP-CAAX mRNA 2.2 ng 
MLC-GFP/Cherry mRNA 50 pg 
N-Cadherin or N-
Cadherin-RFP 
mRNA 800 pg or 200 pg, 
respectively 
E-Cadherin mRNA 800 pg (Roycroft et al., 
2018, Scarpa et al., 
2015) 
LifeAct-Ruby mRNA 300 pg 
MYPT mRNA 300 pg 
MLCK mRNA 300 pg 
CA-MLC mRNA 300 pg 
SDF1 Morpholino 8 ng (Theveneau et al., 
2010) 
CXCR4 Morpholino 8 ng 
MLC-GFP-UAS DNA 50 pg 
 
Table 3.1. Construct microinjections 
3.2.4 Whole mount in situ hybridisation 
In situ hybridisation was performed as described previously (Fawcett and 
Klymkowsky, 2004, Harland, 1991). Briefly, after fixing the embryos at the appropriate 
stage in MEMFA for 1 hr, embryos were dehydrated in 100% methanol and stored at 
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-20oC. Embryos were rehydrated with successive washes of 75% methanol/PBT, 
50% methanol/PBT, 25% methanol/PBT and PBT. Embryos were then bleached in 
bleaching buffer for 10-15 min until white, washed three times in PBT and re-fixed in 
3.7% formaldehyde in PBS for 30 min. After further washing in PBT, embryos were 
transferred to hybridisation buffer and incubated at 62-65oC for 1 hr. They were then 
incubated overnight in hybridisation buffer containing digoxigenin-labelled Twist 
probe (Hopwood et al., 1989) at 62-65oC. Embryos were washed in a series of 
solutions: washing buffer 1, washing buffer 2, washing buffer 3, washing buffer 4 for 
10 min each at 62oC. A last wash in washing buffer 5 lasted 30 min at 62oC. All 
solutions used up to this point were made with DEPC-treated water (autoclaved 
solution of 0.1% diethylpyrocarbonate in H2O) to prevent RNase contamination, 
which could otherwise degrade the RNA probe.  
Embryos were washed with PBT, MAB and blocked in 2% Boehringer Mannheim 
Blocking Reagent (BMBR; Roche, 11096176001) in MAB for 2 h at RT. Embryos were 
incubated overnight at 4oC with an AP-conjugated antibody (Roche, 11093274910) 
at a 1:3000 dilution in 2% BMBR/MAB. Excess antibody was removed by five 30 min 
washes in MAB. Embryos were transferred to AP buffer and developed using 175 
g/mL 5-bromo-4-chloro-3-iodoyl-phosphate (Roche, 11585002001) and 150 g/mL 
4-nitro blue tetrazolium chloride (Roche, 11383213001) in dark. The reaction was 
stopped by washing in PBT and background staining was removed by a 20 min wash 
in 100% methanol. Embryos were fixed in 3.7% formaldehyde/PBS and kept until they 
were photographed. 
3.2.5 Whole mount immunostaining 
Immunostaining of flat-mounted Xenopus embryos was performed as previously 
described (Barriga et al., 2018). Briefly, the vitelline membrane was removed from 
embryos in NAM 3/8 using fine forceps (Dumont #5 Inox 11 cm, World Precision 
Instruments, 500342). After 15 min, embryos were fixed with 2% trichloroacetic acid 
(TCA), dorsal halves dissected, washed in PBS, blocked with 10% normal goat serum 
(NGS) for 40 min and stained with anti-phospho-myosin (ab2470, Abcam, 1:100) and 
anti-fibronectin (1:40, 4H2, Developmental Studies Hybridoma Bank) overnight at 
4oC. Embryos were washed in PBS, incubated with Alexa Fluor (Thermo-Fischer) 
secondary antibodies (1:350) and DAPI (1:1000) and excess antibody removed by 
washing with PBS. Embryos were then flat-mounted in a clearing mix. 
For whole mount immunostaining of zebrafish, embryos were dechorionated using 
fine forceps and fixed in 4% PFA overnight at 4oC at 16 hpf (15 somites). Embryos 
95 
 
were permeabilized for 15 min in 0.5% TritonX:PBS, blocked with 10% NGS:05% 
TritonX:PBS and stained with anti-phospho-myosin (1:100, 3674, Cell Signaling or 
1:100, ab2470, Abcam) overnight. After extensive washing, embryos were incubated 
overnight in secondary antibodies, DAPI and Phalloidin, as above, washed and then 
mounted in 1% soft agarose/PBS. 
3.2.6 Neural crest dissection and grafts 
Xenopus neural crest dissections and transplants were carried out as previously 
reported (De Calisto et al., 2005). Briefly, after the vitelline membrane was removed 
with fine forceps, neural crest was dissected at stage 19 using blunt forceps and an 
eyebrow hair knife to first remove the epidermis and then explant the neural crest, for 
either cell culture (detailed further in section 3.3.1) or to be used as donor neural crest 
in a graft. Alternatively, pre-migratory neural crest was dissected at stage 14-15 
(Scarpa et al., 2015). For grafts, the epidermis of host embryos was not detached 
from the embryo prior to neural crest removal. Host embryos were then held in 
modelling clay and graft neural crest was transferred into the position of where the 
host neural crest was removed. The epidermis was then manipulated to cover the 
graft, and a glass coverslip used to maintain it. After 1 h, the coverslip was removed. 
Neural crest from embryos injected with 20 ng of fluorescein-dextran (FDx, Invitrogen, 
D1820) (donors) was dissected and transferred into host embryos at the place that 
NC was removed from. The whole procedure was performed in NAM 3/8. Then 
embryos were raised until stage 24 in NAM 3/8 in which they were photographed. 
3.3  Cell biology 
3.3.1 Neural crest cultures 
Plastic dishes (Falcon, 351006) or glass dishes (-Dish, 35 mm high, Ibidi, or 
FluoroDish, FD35-100) were incubated with 10 g/mL or 1 g/mL fibronectin (Sigma, 
F1141) in PBS, respe5ctively, for 1 h at 37oC. After washing with PBS, dishes were 
blocked with 0.1% BSA/PBS for 30 min at 37oC, washed again with PBS and filled 
with Danilchick’s for Amy Medium (DFA) with added 50 g/ml streptomycin. Neural 
crest cultures were performed as previously described (Borchers et al., 2000, 
Alfandari et al., 2003). Neural crest explants dissected from Xenopus embryos were 
cut into similar size pieces and plated on the fibronectin-coated dishes in DFA, and 
left to attach for 45-60 min. To acquire single cells, neural crest explants were first 
incubated for 3-10 min in a Ca2+- and Mg2+-free solution of DFA and mechanically 
dissociated with a hair knife, and then transferred and plated as above. All procedures 
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and live imaging were carried out at 18oC. For incubation in uniform SDF1, explants 
were incubated in a solution containing 10 ng/mL SDF1. For incubation in blebbistatin 
explants were incubated in a solution containing 100 M. For live imaging of cell 
nuclei, where nuclei markers had not been microinjected, Hoescht 33342 (1:1000, 
Leica B2251) was added to the imaging solution. Treatments were applied only after 
cluster attachment. 
3.3.2 Chemotaxis assay 
Chemotaxis assays were performed as previously described (Theveneau et al., 2010, 
Theveneau and Mayor, 2011a). Briefly, acrylic heparin beads (Sigma, H5263) were 
incubated with 1 mg/mL purified human stromal cell-derived factor-1 (SDF1; Sigma) 
overnight at 4oC. Alternatively, platelet-derived growth factor A (PDGF-A) was used. 
Lines of high vacuum silicon grease were applied to fibronectin-coated dishes and 
SDF1 beads immobilised in the grease using a hair knife and fine forceps. Neural 
crest explants were plated approximately 300 m (two diameters) away from the bead 
(Theveneau and Mayor, 2011). 
3.3.3 Dispersion assay 
Dispersion assays were performed as previously described (Carmona-Fontaine et al., 
2011). Briefly, neural crest was explanted into a fibronectin-coated dish and allowed 
to disperse. Dispersion was recorded by time-lapse microscopy. 
3.3.4 Explant immunostaining 
Immunostaining was performed on neural crest explants as previously described with 
few modifications (Matthews et al., 2008). Briefly, explants were fixed in 4% 
formaldehyde (PFA; Sigma, P6148)/PBS for 30 min, washed three times in PBS and 
permeabilised in 0.1% Triton X-100/PBS for 10 min. After washing the explants 
thoroughly in PBS, they were blocked with 3% foetal calf serum (FCS)/5% BSA in 
PBS for 30 min. Primary antibody diluted in 3% FCS/5% BSA/PBS solution was 
applied overnight at 4oC. Following extensive washes in PBS, secondary antibody 
diluted in 3% FCS/5% BSA/PBS solution was applied for 1 h at RT. 1 g/mL 4’6-
diamidino-2-phenylindole (DAPI; Sigma, D9542) and 1 mg/mL phalloidin 
tetramethylroadmin-b-isothiocyanate (PhR; P1951) were used together with the 
secondary antibody where appropriate. Samples were thoroughly washed in PBS and 
mounted in Mowiol. 
3.4  Molecular biology and biochemistry 
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3.4.1 Synthesis of mRNA probe for in situ hybridisation 
For in vitro transcription of antisense RNA, plasmid DNA was cut at a 5’ restriction 
site with the appropriate endonuclease. Plasmids were linearised and purified as 
described above. Antisense RNA transcription was carried out by mixing 1 g of 
linearized DNA, 4 L of 5x buffer, 2 L of 10x DTT, 2 L of NTP-Dig, 0.5 L of 
ribonuclease inhibitors and 1 L of RNA polymerase and making the solution up to 
20 L with RNase free water. The NTP mix contains digoxigenin-labelled UTP, so the 
resulting RNA was labelled with digoxigenin. All reagents were obtained by Promega. 
The mixture was incubated at 37oC for 2 hr. From this, 1 L was replaced with 1L 
of DNase to degrade the DNA template. The RNA concentration was measured using 
a Nanodrop spectrophotometer (ND-1000). Quality of RNA probes was assessed with 
agarose gel electrophoresis. Probes were diluted in hybridisation buffer to working 
concentrations. Twist was diluted to 700 ng/mL. 
3.4.2 Synthesis of mRNA for microinjection 
mRNA templates were generated as previously described (Barriga et al., 2018). For 
synthesis of sense mRNA, plasmid DNA was linearized by cutting at a 3’ restriction 
site with an appropriate restriction endonuclease. A 100 L reaction of 10 g plasmid 
DNA, 10 L of appropriate 10x buffer and 1 L of enzyme in water was incubated for 
2 hr at 37oC. Enzymes and buffers were obtained from Promega. 1 L of digested 
DNA was kept for agarose gel analysis. The rest of the digested plasmid was purified 
using Qiagquick PCR Purification kit (Qiagen, 28104) and concentration of purified 
digested plasmid was measured using a Nanodrop spectrophotometer (ND-1000). 1 
g of 3’ linearised plasmid DNA was added to the transcription mixture. Synthetic 
capped mRNA was transcribed using the SP6 or T3 Ambion mMESSAGE 
mMACHINE kit (Invitrogen, AM1340 and AM1344, respectively). 1L of the reaction 
mixture was replaced with 1 L of DNase and the mixture was incubated for a further 
1 hr at 37oC in order to degrade template DNA. Sense mRNA was purified using the 
RNeasy kit (Qiagen, 74104) and resuspended in RNase free H2O. RNA concentration 
was measured using a Nanodrop spectrophotometer (ND-1000). Quality of mRNA 
transcript and efficiency of the protocol was assessed by agarose gel electrophoresis. 
Thus, 1 L of linearized and purified DNA, 1 L of transcription mixture before addition 
of DNase, 1 L of purified sense mRNA were run on 1% agarose (Fisher Scientific, 
BP1356-100) gel in TEA (20 mM acetic acid, 1 mM EDTA, 40 mM Tris, pH 7.6). 
3.4.3 Oligomorpholinos 
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Oligomorpholinos were synthesised and provided by GeneTools. Two morpholinos 
were used for this thesis: SDF1 (8 ng, 5’-CAATGCCACCAGAAAACCCGTCCAT-3’) 
(Theveneau et al., 2010), CXCR4 (5’-CAATGCCACCAGAAAACCCGTCCAT-3’). 
Equimolar concentrations of a standard control morpholino (ControlMO, 5’-
CCTCTTACCTCAGTTACAATTTATA-3’) was used. 
3.4.4 Cloning 
Membrane-eBFP2 was made by cloning eBFP2 downstream of a membrane 
sequence in pCS2+ vector, with AgeI and SnaBI sites using the primers: Fw: 
CTGTAAACCGGTGATGGTCTCCAAGGGAGAG; Rv: 
CCACGGTACGTATTACTTGTACAGCTCGTC. 
The UAS:MLC-GFP construct was made using a UAS:GCaMP6 plasmid (Walker et 
al., 2013), removing GCAMP6 and cloning in MLC-GFP downstream of the UAS-
encoding region by using BglII and NotI sites with the primers: Fw: 
GGCGGCAGATCTATGTCGAGCAAAAAGGCAAAG; Rv: 
TGTTGTGCGGCCGCCTTGTACAGCTCGTCCATGCC. 
Optogenetic constructs (optoGEF-RhoA, CIBN-GFP-CAAX, mito-GFP-CAAX) were 
subcloned from their original vectors (Valon et al., 2017) to pCS2+. 
3.5 Microscopy 
3.5.1 Imaging of embryos fixed for in situ hybridisation 
Images of fixed embryos after in situ hybridisation or whole mount immunostaining 
were collected using a MFZLIII Leica immunofluorescence stereomicroscope 
equipped with a FDC420 Leica camera controlled by Leica IM50 software. 
3.5.2 Imaging of neural crest cells in vitro 
To capture in vitro neural crest migration, single cell migration and chemotaxis, time-
lapse cinematography was performed as described before (Carmona-Fontaine et al., 
2008b, Theveneau et al., 2010). Compound microscopes equipped with motorized 
stages, either an Eclipse 80i Nikon microscope with a Hamamatsu Digital camera or 
a DMRXA2 Leica microscope with a Hamamatsu Digital camera controlled by Simple 
PCI program, were used. 10x/0.3NA dry lens was used. Fibronectin-coated petri 
dishes containing cultured neural crest cells were filled with DFA and closed so that 
no air bubbles were present. 
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When addition of various compounds in the culture medium was required (e.g. 
experiments with blebbistatin, NSC23766), then neural crest cells were cultured in up 
to four wells of a four-well dish. These were filled with DFA and sealed with a 22 mm 
x 22 mm cover slip smeared with high-vacuum grease (Dow Corning), over which the 
dish lid was fixed. These were inverted, and the cells imaged through the plastic. 
Images were acquired every 3-5 min for a period of 12 h. 
Images for chemotaxis and dispersion assays were acquired every 3 min and 10 min, 
respectively, at 18oC using a compound (DM5500, Leica) microscope. 
3.5.3 Confocal microscopy 
Xenopus ex vivo and in vivo live cell imaging was performed on a Perkin Elmer 
Ultraview VOX spinning disc confocal with NIKON TiE microscope or LSM880 
Multiphoton microscope. Filters, shitters and image acquisition were controlled by 
Volocity or Olympus software, respectively. For actomyosin movies a 60X/1.4 NA oil 
immersion objective, or a 100X/1.4 NA oil immersion objective was used. Fixed cells 
were imaged using a 63X/1.4 NA oil immersion objective and a Leica TCS SPE 
confocal microscope controlled by LAS-AF software. 
For graft experiments and zebrafish imaging, time-lapse images were acquired every 
10 min on a confocal microscope (SP8vis, Leica). Images for immunostained explants 
were acquired on a confocal microscope (Leica SPE1 or LSM880 Multiphoton). 
Images for immunostained flat-mounted embryos were acquired on a confocal 
microscope (FV1000 Olympus). Images for immunostained zebrafish were acquired 
on a confocal microscope (SP8vis, Leica). 
3.5.4 Laser photoablation 
The actomyosin cable or cytosol was laser ablated using a confocal microscope 
(LSM880 Multiphoton). A 740 nm laser at 80% power was used for ablation on one z 
plane at 40-60X magnification in regions of interest. Images were acquired every 1-3 
min between ablations to track cluster movement. For long-term ablation 
experiments, multiple repetitive ablations were performed, for both many cells (10  
cells per explant, on average) and for the same cell due to the dynamic reformation 
of the actomyosin cable. For cell-cell junction control ablations, repetitive ablations 
were not performed because there was no reformation of the junction after initial 
ablation. All rear cells or front cells were targeted for ablation where indicated; 4-5 
central cells were targeted for cell junction ablation. To measure recoil after ablation, 
images were acquired every 1 second and the size of the resulting gap in in the actin 
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cable (g(t)) and the distance between the lateral sides of the cell (w(t)) were measured 
over time. The presented strain was calculated as sg(t) = -g(t)/c(t=0), sw(t) = w(t) / 
w(t=0), where c(t=0) is the length of the actomyosin cable just before ablation. 
3.5.5 Optogenetics 
Images were acquired, and optogenetic activation was performed, on a confocal 
microscope (SP8vis, Leica). Prior to imaging, explants or embryos were protected 
from light with foil for 45 min. The 488-nm laser at 100% power was used to illuminate 
a region of interest for translocation of optoGEF-RhoA. For ex vivo explants, the 
region of interest corresponded to a single row of cells (between 6 to 15 cells) at the 
front or back of the explant; for in vivo photoactivation the region of interest 
corresponded to a 30% of the labelled neural crest stream, either at the front or back 
of the graft. For controls, cell non injected with the optoGEF-RhoA were illuminated 
with the 488-nm laser at 10% power, or optoGEF-RhoA injected cells were not 
illuminated. 
3.5.6 Fluorescence resonance energy transfer (FRET) 
FRET was performed as previously described (Scarpa et al., 2015). Briefly, DNA for 
the FRET probes, Raichu-Rac (Itoh et al., 2002) or RhoA (Pertz et al., 2006) were 
injected into eight-cell stage Xenopus embryos. After dissection and culture of neural 
crest, explants were fixed with 4% PFA. FRET was detected by excitation of CFP and 
collection of emission with 530 nm long-pass filters. Images were corrected for bleed 
through between channels prior to background subtraction, and data analyzed with 
the ImageJ plugin, RiFRET (Roszik et al., 2009). Acceptor photobleaching was 
performed as previously described (Matthews et al., 2008). 
3.6 Data analysis 
3.6.1 In vivo migration 
Analysis of neural crest migration in vivo was performed by measuring the distance 
that the neural crest cells travelled along the dorsal-ventral (D-V) axis of the Xenopus 
embryo as revealed by the neural crest marker Twist by in situ hybridisation. Neural 
crest migration in vivo was estimated as a proportion of the D-V distance of the 
injected side to the D-V distance of the uninjected side for embryos that were injected 
with morpholinos or other constructs. This was repeated at three locations. For each 
embryo and the average proportion calculated. For embryos treated with blebbistatin, 
neural crest migration was estimated by the proportion of D-V distance of treated 
embryos to the length of the head at the stream. 
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If there is no impairment in migration, then the migration value estimated by the 
experimental data should approach 1. 
In vivo migration = D-V distance injected side/D-V distance uninjected side. 
3.6.2 Motility 
From low-magnification time-lapse movies, individual cells were tracked using the 
ImageJ Manual Tracking plug-in. This method requires manual identification of each 
cell at each time point. The ImageJ Chemotaxis Tool plug-in was then used to analyse 
speed and directionality of cell migration. Cell speed is estimated based on the 
equation speed = dx/dt. The distance travelled (dx) within a period of time (dt 
corresponding to the time within two frames) is calculated by the ImageJ plug-in 
Migration and Chemotaxis Tool using the coordinates dx, dy from the cell tracks. 
Directionality is calculated as the Euclidian distance between the start and end of 
migration divided by the actual distance migrated. Tracking of single cells lasted 3-4 
hours. Any cells that contacted another cell during this time were not included in the 
analysis. The mean speed and directionality was calculated per cell, from which the 
mean velocity and persistence of the population was calculated. 
Intercalation percentage was calculated by: (R-I)/N, where R is the number of rear 
cells intercalating forward, I is the number of inner cells moving to the rear, and N is 
the total number of rear cells. These values were measured over 2 h. 
3.6.3 Chemotaxis 
To calculate the Chemotaxis Index (also called Forward Migration Index), the 
coordinate system was rotated to have the y-axis passing through the source of the 
chemoattractant at the top and the cells at the bottom. For neural crest chemotaxis, 
the centre of the mass of teach explant was tracked or individual cells from explants 
using the ImageJ Manual Tracking plug-in. The ImageJ Chemotaxis tool plug-in was 
then used to analyse the chemotaxis index, which corresponds to the net 
displacement divided by the distance travelled by each explant or cell. A chemotaxis 
value of 1 means that the cluster or cells or a cell is directly going towards the 
chemoattractant. The combined Manual Tracking and Chemotaxis Tool plugins were 
used for tracking ex vivo, in vivo and in silico to calculate distance travelled (Eucledian 
distance; positive values refer to movement forward; negative values refer to 
movement backward, relative to the start position), directionality, motility 
(accumulated distance), velocity/speed and forward migration index (also called 
chemotaxis index, or ventral migration index, where appropriate). Ex vivo cluster 
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tracks show ten representative clusters each, and in vivo tracks show five 
representative clusters each. Quantification of distance travelled was calculated at 70 
min (Fig. 4.19D), 90 min (Fig. 4.18L) or 100 min (Fig. 4.18, F and I), 30 min (fig 4.18C). 
3.6.4 Dispersion 
The dispersion of neural crest explants was analysed using a custm-made ImageJ 
Delaunay Triangulation plug-in, to calculate the distance between neighbour cells. 
For a set of points (cell nuclei) in a plane, Delaunay triangulation requires that the 
circumferences of all the triangles are empty (no point is found at their interiors). For 
each explant at each time-point, the Delaunay triangulation connects each cell (cell 
nucleus) with its closest neighbours (other cell nuclei) in such a way that a network of 
triangles covers the entire explant and the areas of the triangles are measured. To 
analyse neural crest explant dispersion the area of triangles was measured and 
averaged. This was repeated for at least 15 explants within three different 
experiments for each condition. 
3.6.5 Protein analysis 
The ImageJ line tool was used to measure actomyosin length. Actomyosin contraction 
was defined by a 25% or greater reduction in actomyosin length over 30 s. Relaxation 
was defined by a 33% increase in actomyosin length over 10 min. Cell clusters were 
separated into front, rear and lateral segments relative to PBS- or SDF1-coated 
beads. ImageJ region of interest selectors were used to quantify protein levels. For 
protrusions displayed in Fig. 4.15 the Image Calculator tool on ImageJ was used to 
subtract membrane images from one another during time-lapse microscopy for 
protrusion analysis. 
For immunostaining analysis, the region of interest measured plot intensity was 
normally to the intensity plot of the cell cytoplasmic region. 
3.6.6 Cell movements 
To measure cell movements within groups ex vivo, particle image velocimetry (PIV) 
was applied using a publicly available ImageJ plugin 
(https://sites.google.com/site/qingzongtseng/piv). Flow fields in silico, ex vivo and in 
vivo were calculated by subtracting the movement of the cluster to the individual cell 
or particle tracks. Flow fields were obtained by analyzing PIV on consecutive time 
frames with time interval of 30 sec to ensure tracking accuracy and median-filtered. 
To show the flow field, positions of virtual particles on a grid were traced through 14 
consecutive PIV fields using custom scripts; fields from 5 independent samples, each 
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containing a contraction event, are binned, median-filtered, and averaged together. 
For in silico measurements, cell displacements were calculated from cell tracks over 
200 time steps including a contraction. The displacement fields were binned and 
averaged over 100 contractions. To illustrate the time evolution of the displacement 
field, speed profiles from the back along the midline of the groups were averaged in 
a 140 m wide band from consecutive displacement fields. To demonstrate cellular 
flow in vivo, cells were tracked manually using the ManualTracker ImageJ plugin; 
cells in zebrafish were tracked at 5 min intervals over 2.5 h; cells in Xenopus were 
tracked at 10 min intervals over 5 h. 
3.6.7 Statistical analysis 
Normality in the spread of data was tested using the Kolmogorov-Smirnov, 
d’Agostino-Pearson or Shapiro-Wilk test in Prism7 (GraphPad). Significances for 
datasets displaying normal distributions were calculated in Prism7 with unpaired 
Student’s t-test (two tailed, unequal variances). Significances for non-normal 
distributed data were calculated in Prism7 using the Mann-Whitney U test (two-tailed). 
For cell values, n refers to cells from different clusters. For testing significance 
between multiple datasets simultaneously, analysis of variance (ANOVA, one-way) 
was performed if the data was normally distributed, or Kruskal-Wallis test if the data 
was not normally distributed. 
3.7 Computational Model 
Cells in the model are represented by their position and velocity on a two-dimensional 
plane and state (either ‘contractile’ or ‘normal’ state). Their movement is governed by 
an overdamped secondary dynamics; for cell ‘a’ the velocity and position is 
determined by:  
Δ𝑣𝑎
Δ𝑡
=∑𝑓𝑖(𝑎, 𝑛)
𝑛
+ 𝑓𝑝(𝑎) + 𝑓𝑛 − 𝛿𝑣𝑎 
Δ𝑟𝑎
Δ𝑡
= 𝑣𝑎 
The velocity is determined by direct interactions between cells (𝑓𝑖(𝑎, 𝑛)), self-
propulsion (𝑓𝑝(𝑎)), stochastic noise (𝑓𝑛 = 𝐹𝑛 ⋅ 𝜉, where 𝜉 is a zero-mean Wiener 
process and 𝐹𝑛 is a model parameter setting the relative level of noise), and 
dampening (𝛿). Cells interact with their Voronoi neighbours locally through a central 
and symmetric interaction: 
𝑓𝑖(𝑎, 𝑛) = [𝑓𝑟(|𝑟𝑛 − 𝑟𝑎|) + 𝜎(𝑎)𝜎(𝑛)𝐹𝑐] ⋅
𝑟𝑛 − 𝑟𝑎
|𝑟𝑛 − 𝑟𝑎|
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Here 𝜎(𝑎) indicates the state of cell ‘a’ with value 1 if the cell is contractile and 0 if 
normal, and 𝐹𝑐 is a model parameter setting the strength of contraction. Function 
 𝑓𝑟(𝑟) is a piecewise linear function of distance between cells:  
𝑓𝑟(𝑟) =  
{
 
 
 
 
 
 𝐹𝑟𝑒𝑝 ⋅
𝑟 − 𝑟𝑐𝑜𝑟𝑒
|𝑟𝑐𝑜𝑟𝑒|
, 𝑖𝑓 𝑟 < 𝑟𝑐𝑜𝑟𝑒
0, 𝑖𝑓 𝑟𝑐𝑜𝑟𝑒 ≤ 𝑟 < 𝑟𝑛𝑒𝑢𝑡𝑟𝑎𝑙
𝐹𝑎𝑡𝑡 ⋅
𝑟 − 𝑟𝑛𝑒𝑢𝑡𝑟𝑎𝑙
|𝑟𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 − 𝑟𝑛𝑒𝑢𝑡𝑟𝑎𝑙|
, 𝑖𝑓 𝑟𝑛𝑒𝑢𝑡𝑟𝑎𝑙 ≤ 𝑟 < 𝑟𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛
𝐹𝑎𝑡𝑡 ⋅
𝑟𝑟𝑒𝑎𝑐ℎ − 𝑟
|𝑟𝑟𝑒𝑎𝑐ℎ − 𝑟𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛|
, 𝑖𝑓 𝑟𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 ≤ 𝑟 < 𝑟𝑟𝑒𝑎𝑐ℎ
0, 𝑖𝑓 𝑟𝑟𝑒𝑎𝑐ℎ ≤ 𝑟
 
Here  𝐹𝑟𝑒𝑝 and  𝐹𝑎𝑡𝑡 are model parameters setting the strength of cell-cell repulsion 
and attraction, respectively. Propulsion of cell ‘a’ is described by: 
𝑓𝑝(𝑎) = 𝐹𝑝(𝑠 − |𝑣𝑎|)
𝑣𝑎
|𝑣𝑎|
 
Model parameters 𝑠 and 𝐹𝑝 set the speed and relative strength of propulsion.  
Equations are discretized and integrated using the forward Euler method with fixed dt 
time steps. The state of each cell is updated after each iteration. To determine if a 
cell is at the edge of the cluster, all Voronoi neighbours are considered that are within 
𝑟𝑟𝑒𝑎𝑐ℎ distance of the cell. A cell is considered to be at the edge if the direction of any 
two of its consecutive neighbours is more than 𝛼 =  3𝜋/4 apart. Edge cells that are 
behind the center of the cluster (rear contractility simulations) are switched to 
‘contractile’ state for 100 time steps, and switched back to ‘normal’ state for 100 time 
steps. In simulations of uniform contractility all edge cells are switched with the same 
periodicity. Intercalation is reduced in simulations by increasing the adhesion 
parameter 𝐹𝑎𝑡𝑡 up to 6-fold.  
Cells are initialized with zero velocities and non-overlapping randomly selected 
positions within a predefined rectangular area and initial state set to ‘normal’. An initial 
contraction cycle is simulated with uniform contraction around the perimeter of the 
cluster before the start of the simulation experiments to enhance coherence of the 
group and reduce noise of the initial random cell placement. Time steps were chosen 
as dt=2.16 seconds, and 𝑟𝑐𝑜𝑟𝑒 = 10 𝜇𝑚 corresponds to a typical cell radius. 
Parameters used for the simulations were: 𝑟𝑛𝑒𝑢𝑡𝑟𝑎𝑙 = 1.500 𝑟𝑐𝑜𝑟𝑒; 𝑟𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 =
1.534 𝑟𝑐𝑜𝑟𝑒; 𝑟𝑟𝑒𝑎𝑐ℎ = 1.834 𝑟𝑐𝑜𝑟𝑒; 𝐹𝑛 = 5; 𝐹𝑐 = 5;  𝐹𝑟𝑒𝑝 = 10; 𝐹𝑎𝑡𝑡 =  0.5; 𝐹𝑝 = 5; 𝑠 =
2; 𝛿 = 0.1. Simulations are run for 10 000 steps, corresponding to 6 h time. 
Parameters for the model as follows: 
global_ranges = [6., 9., 9.2, 11.]    
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These are, in order, the distance at which the cells start to push each other away, 
at which they stop attracting each other, at which their attraction is maximal, and 
at which their interaction starts. These correspond correspond to the known 
cellular interaction ranges from experimental data. These values can be 
converted to microns based on one cell diameter being 20 mm.  
Parameters controlling cell behaviour are:  
global_speed = 2 # target speed of cells 
global_velDampening = 0.1 # velocity dampening, or friction of movement (less 
than 1) 
global_contraction_time = 100 # minimum duration of contractions 
global_relaxation_time = 100 # minimum time between contractions 
The contraction and relaxation times are a simplification, and the speed and 
velocity dampening are approximated to be consistent with the known behaviour 
of individual neural crest cells.  
Interaction strengths (negative = attraction): 
global_I_rnd = 5 # random movement strength of cell 
global_I_spp = 5 # self-propulsion strength of cell 
global_I_rep = 10 # core cell repulsion strength 
global_I_contact = -0.5 # cell-cell adhesion strength 
global_I_contraction = -5 
These are terms of the cell-cell interaction and of the cell movement and are 
devised to produce a realistic cell behaviour in the model.  
The model is downloadable from the following link, which includes instructs on 
use and parameters: 
https://github.com/AndrasSzabo/shellard_model-2018_science 
Further parameters and justifications are as follows: 
Parameter Model/conversion Experimental 
data/validation 
Cell size 1 cell = 20 m diameter Middle cells, which 
constitute most of a 
cluster, are 20 m ex vivo 
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Simulation time run 10,000 steps = 6 h Normal chemotaxis ex 
vivo takes 4-6 h  
Contraction region Rear half contractile; front 
half not contractile 
Frequency distribution of 
contractility ex vivo 
suggests most 
contraction happens in 
the rear half. 
Contraction frequeny 100 time steps contractile, 
100 time steps not 
contractile 
Not based on 
experimental data. 
Number of synchronously 
contracting cells 
All cells in the contraction 
zone will contract. 
Based on the observation 
of multicellular 
synchronous contraction; 
albeit, experimentally, 
there is variability in the 
number of cells 
synchronously 
contracting.  
 
Table 3.2. Modelling parameters 
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Results 
4.1 Characterisation of actomyosin in neural crest 
Various processes are already known about collective migration of Xenopus cranial 
neural crest cells (henceforth called neural crest cells, unless otherwise specified), 
and their collective chemotaxis to SDF1. A balance of CIL and short-range C3a-
dependent chemotaxis (coattraction) is sufficient for collective cell migration. CIL 
inhibits stable internal protrusions and permits protrusions at the edge of the cell 
cluster, away from cell-cell contacts (Fig. 4.1, red). However, chemoattractive agents 
like SDF1 are essential for long-range directional movement; when SDF1 is inhibited, 
clusters fail to migrate in any particular direction (Theveneau et al., 2010). SDF1 
stabilises protrusions at the front of the cluster during chemotaxis (Fig. 4.1, dark red) 
but, again, it is not clear that this is critical for collective chemotaxis. By contrast, the 
role of rear cells (Fig. 4.1, black dotted box) in the collective migration, and collective 
chemotaxis, of neural crest cells as other collectively migrating cell populations has 
not been studied. Likewise, little is known about the role of myosin-based contractile 
forces in collective cell migration, despite contractility being heavily involved in the 
migration of single cells, both through the initiation of migration and in the ongoing 
migratory process itself. Moreover, actomyosin is important in single cell chemotaxis. 
To determine whether actomyosin contractility is important for neural crest migration 
constitutively active myosin light chain (CA-MLC), myosin light chain kinase (MLCK), 
and/or myosin phosphatase targeting protein (MYPT) was overexpressed in Xenopus 
embryos, and migratory stage embryos were fixed for in situ hybridisation with a Twist 
probe, which is expressed specifically by the neural crest. MLCK is an activator of 
myosin contractility, whereas MYPT is a subunit of myosin phosphatase, which 
inhibits myosin contractility. MYPT is the myosin targeting subunit of myosin light 
chain phosphatase that has an essential role as a targeting and regulatory subunit to 
confer substrate specificity and subcellular localisation on the catalytic subunit of 
myosin phosphatase (Grassie et al., 2011). Neither CA-MLC nor MLCK 
overexpression affected in vivo migration (Fig. 4.2, A and B), as measured by neural 
crest stream length, but MYPT overexpression inhibited neural crest migration in vivo 
(Fig. 4.2, C and D). The effect of MYPT could be rescued with CA-MLC or MLCK, 
indicating that the constructs were working (Fig. 4.2, C and D). In these experiments, 
the myosin constructs are active in both the neural crest and non-neural crest 
populations. Neural crest migration was also inhibited in embryos bathed in the 
myosin ATPase inhibitor, blebbistatin (Fig. 4.2, E and F), a drug which, in this  
108 
 
 
 
Fig. 4.1. The current model of collective neural crest cell chemotaxis. Neural 
crest with protrusions (red) at the edge undergoes chemotaxis to SDF1. Protrusions 
are found at the edge of the cell group (including both front and rear cells), and not 
in the middle, due to contact inhibition of locomotion (Carmona-Fontaine et al., 
2008b). SDF1 stabilizes the protrusions at the front (darker red) (Theveneau et al., 
2010). It is not known what role rear cells (dotted square) have in collective cell 
chemotaxis.  
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Fig. 4.2. Myosin contractility is important for collective migration. (A to F) In situ 
hybridisation with a probe for Twist in migratory stage Xenopus embryos and 
quantification of stream length (means ± SEM). Twist marks the neural crest. Dorsal 
is top, ventral is bottom. Note that activation of MYPT inhibits neural crest migration 
in vivo. Migration can be rescued with MLCK or CA-MLC, but these alone do not have 
any effect on overall neural crest migration. Blebbistatin treatment also inhibits neural 
crest migration in vivo. n = 50 embryos each; N = 3 experiments. Scale bar, 1 mm. 
For B and D, ***P ≤ 0.001 (one-way ANOVA); ns, not significant. For F, ***P ≤ 0.001 
(two-tailed Student’s t-test). (G to I) Ex vivo neural crest explants undergoing 
collective chemotaxis to SDF1 (G). Scale bar, 100 m. The white Asterix indicates 
the SDF1 bead. Nuclear RFP mark the neural crest cells. Image shows 4 hrs post-
plating. Note that the control explant has undergone chemotaxis normally but 
incubation with blebbistatin has inhibited chemotaxis, which is quantified in H (means 
± SEM). At this concentration, blebbistatin inhibits chemotaxis without affecting single 
cell velocity (means ± SEM), as determined by cell tracking of dissociated neural crest 
cells (I). For H and I, ***P ≤ 0.001 (two-tailed Student’s t-test); ns, not significant. 
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experiment, acts on the whole embryo. Altogether, these results indicate that 
actomyosin contractility is important for neural crest migration. However, it cannot be 
determined whether it is myosin contractility of the neural crest cell populations, or in 
other cell types, that is necessary for in vivo migration. Indeed, the neural crest require 
stiff underlying mesodermal cells to migrate in vivo (Barriga et al., 2018). To test 
whether actomyosin contractility of the neural crest was important for collective 
chemotaxis, explants were exposed to an SDF1 chemotactic gradient ex vivo and 
incubated with blebbistatin. Unlike control explants, which underwent chemotaxis 
normally, blebbistatin treatment inhibited chemotaxis without affecting single cell 
motility (Fig. 4.2, G and I), indicating that actomyosin contractility of the neural crest 
is important for collective chemotaxis. 
To understand the role of actomyosin in collective cell migration, fluorescently-tagged 
myosin regulatory light chain II (MLC) and LifeAct-Ruby were expressed into Xenopus 
embryos. Embryos were raised, and neural crest were dissected out and cultured to 
visualise the activity of filamentous actin and myosin. Live imaging revealed that 
actomyosin localises as a multicellular ring or cable around the edge of the neural 
crest cluster, both in the absence and presence of an SDF1 gradient (Fig. 4.3, A and 
B). To confirm that this localisation was not due to overexpression, neural crest 
explants were immunostained for phospho-myosin light chain (pMLC) to visualise 
endogenous protein. Myosin light chain phosphorylation, normally through 
Rho/ROCK, potentiates contraction by stimulation myosin ATPase activity (Waxman, 
2018), and by controlling conformation of the myosin heavy chain (Kampourakis and 
Irving, 2015). In the absence of an SDF1 gradient, neural crest explants have pMLC 
localised around the edge of the cell group (Fig. 4.3C), showing a similar localisation 
to the overexpression. In both the absence and presence of SDF1, the myosin ring 
remained dynamic around the edge of the explant (Fig. 4.3D). 
Neither actin nor myosin are transmembrane proteins, which explains the ‘dashed’ 
rather than continuous myosin appearance along the cluster periphery. To determine 
what proteins might be connecting the multicellular actomyosin cable between 
adjacent cells, neural crest explants overexpressing fluorescently tagged N-Cadherin, 
MLC and a membrane marker and immunostained with Phalloidin were imaged at 
high magnification. N-Cadherin is one of the major cell junction components of neural 
crest. The periphery of the neural crest explant shows a continuous actin cable, with 
myosin accumulating along it, particularly in the central regions of the cell away from 
the cell-cell contact (Fig. 4.4, A to C). N-Cadherin is enriched near the actomyosin 
cable at the cell junction (Fig. 4.4, A to D), suggesting that this cable is supracellular,  
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Fig. 4.3. Xenopus neural crest clusters exhibit a contractile actomyosin ring. 
(A) Fluorescence of a neural crest explant in the absence of SDF1 expressing MLC: 
myosin light chain (MLC-GFP), LifeAct-Ruby and stained with Hoescht. 
Representative example shown from n = 30 clusters from N = 5 experiments. Scale 
bar, 50 m. (B) A neural crest explant expressing fluorescently-tagged myosin (MLC-
GFP) and actin (LifeAct-Ruby) whilst undergoing chemotaxis to SDF1. MLC: myosin 
light chain. Representative example from n = 100 clusters from N = 10 experiments. 
Scale bar, 50 m. (C) Immunostaining against phospho-myosin light chain (pMLC) of 
neural crest explant in the absence of SDF1. Representative example from n = 30 
clusters from N = 3 experiments. Scale bar, 25 m. (D) The myosin ring of neural 
crest explants pseudocoloured at the indicating time points in the absence (left) or 
presence of a SDF1 chemotactic gradient during live imaging. Representative 
examples from n = 100 clusters from N = 10 experiments. 
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Fig. 4.4. N-Cadherin connects the actomyosin cable between adjacent cells. (A 
to D) Immunofluorescence of a cell at the edge of a neural crest explant (A and C) 
and diagram (B). Memb: membrane. Representative example from n = 10 cells each 
randomly selected from a different cluster, from N = 3 experiments. Scale bar, 10 m. 
(D) Protein fluorescence levels (means ± SEM) along the actin cable. Position 0 m 
represents the cell contact. n = 8 cells each randomly selected from 8 different 
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clusters, from N = 3 experiments. (E to I) Immunofluorescence of the cell-cell contact 
at the edge of a neural crest explant. A diagram is shown in E. Black lines are the cell 
edges. Numbers represent different cells. The pink box is the area of interest. Free 
space is in the bottom right. Membrane is shown in two different contrasts (F and G). 
Note that N-Cadherin, a cell-cell adhesion protein, strongly accumulates parallel to 
the cluster edge, rather than perpendicular to it, where you would expect the two edge 
cells to contact. When imaged at a single z plane (F to I) the membrane is also 
observed to be skewed parallel to the cluster edge, suggesting that the membrane is 
mechanically ‘pulled’ by one cell upon its neighbour. Representative image shown 
from n = 15 cells each randomly selected from 15 different clusters, from N = 3 
experiments. Scale bar, 20 m.  (J to N) Immunofluorescence of a cell at the edge of 
a neural crest explant. J is the diagram, black lines represent cell edges, pink box is 
the area of interest, and numbers are different cells. Free space is at the top left of 
the picture. Note how the membrane is elongated/stretched toward its cell neighbour 
(between cells 1 and 2), N-Cadherin accumulates along this part and MLC fills in the 
gaps of the cable. This observation suggests tension is transmitted supracellularly by 
the actin cable from one cell to another, enough so that it can transmit tension to the 
cell contact/membrane. Representative image shown from n = 15 cells each randomly 
selected from 15 different clusters, from N = 3 experiments. Scale bar, 20 m. (O and 
P) Diagram (O) showing the region along the cell contact (red box) quantified for N-
Cadherin fluorescence (means ± SEM) (P); arrow (position 0 m) indicates the 
intercellular contact in the actomyosin cable where N-Cadherin is accumulated.  n = 
6-7 cells each randomly selected from 6-7 different clusters from N = 3 experiments. 
Note that the diagram, M, is based on images A to C. Position along contact measured 
is the contact in the red rectangle. (Q) N-Cadherin fluorescence levels relative to cell 
membrane fluorescence (means ± SEM), showing that accumulation of N-Cadherin 
in the actomyosin cable at the contact is not due to an accumulation of cell membrane. 
n = 10 cells each randomly selected from 10 different clusters, from N = 3 
experiments. ***P ≤ 0.001 (two-tailed Student’s t-test).  
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and may be connected to adjacent peripheral cells by N-Cadherin. Interestingly, when 
imaged on single z planes, rather than as a projection, the membrane is observed to 
be skewed laterally toward neighbour edge cells at the exact location that the cable 
crosses and that N-Cadherin has accumulated (Fig. 4.4, E to L). This suggests that 
the actomyosin cable may be under tension and is mechanically pulling on the cell 
membrane. N-Cadherin accumulation on the membrane as a connector of the 
actomyosin cable was not entirely due to just this membrane extension, though, 
because N-Cadherin levels normalised to membrane still showed a higher level at the 
point of actomyosin cable contact (Fig. 4.4, M to O). 
The neural crest undergoes EMT prior to migration. One of the fundamental features 
of this process is a downregulation of E-Cadherin and upregulation of N-Cadherin, 
which, in part, causes the cell to behave in a less epithelial manner and in a more 
mesenchymal fashion (Scarpa et al., 2015). EMT and the switch of cadherin 
expression is essential for neural crest migration, as pre-migratory neural crest do not 
migrate in vivo, and the switch of cadherins leads to CIL via repolarisation of forces 
from the cluster’s centre to its edge (Scarpa et al., 2015). 
To determine whether this cadherin switch might be important in the formation of the 
actomyosin cable, and the forces it may contribute to migration, pre-migratory neural 
crest were imaged alongside migratory neural crest ex vivo. Whilst the migratory 
neural crest exhibited a peripheral actomyosin cable, pre-migratory neural crest 
tended to accumulate myosin internally at stress fibres and along the cell-cell contact 
(Fig. 4.5, A and B). To determine whether the E- to N-Cadherin switch was important 
for this delocalisation, explants over-expressing E-Cadherin were immunostained for 
pMLC. Unlike control explants, which have pMLC at the cluster periphery, 
overexpressing E-Cadherin caused a dramatic delocalisation of pMLC into inner cells 
of the cell cluster (Fig. 4.5, C and D). Furthermore, similar quantification of MLC 
through live imaging of E-Cadherin-expressed and N-Cadherin-overexpressed 
explants revealed that this change in localisation was only apparent when E-Cadherin 
levels were increased (Fig. 4.5E). These data suggest that the switch of cadherin 
expression during EMT may be required for the formation of the actomyosin cable. 
The fact that myosin accumulates on an actin cable suggests that it may be contractile 
and/or under tension. To study this, the actin cable was photoablated and imaging 
was acquired at high temporal resolution. Cable ablation results in recoil of both the 
actomyosin cable and of the cell-cell junctions over the course of a few seconds (Fig. 
4.6, A and B, and Movie 1). This suggests that the cable is under high tension.  
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Fig. 4.5. E-Cadherin suppresses formation of a peripheral actomyosin cable. 
(A and B) Pictures of migratory (left panel) or pre-migratory (right panel) neural 
crest explants expressing fluorescently-tagged N-Cadherin and MLC (myosin light 
chain) (A), and quantification of myosin fluorescence (means ± SEM) at the cluster’s 
periphery and cluster’s centre (B). Note that in migratory neural crest most of the 
actomyosin is accumulated in the peripheral cable, whereas in pre-migratory neural 
crest no cable is observed and the actomyosin is present mainly in the centre of the 
cluster. n = 6 cells from 6 different clusters. **P ≤ 0.05 (two-sided Mann-Whitney U-
test). Scale bar, 10 m. (C and D) Immunostaining against pMLC (phospho-myosin 
light chain) in migratory neural crest in control (left panel) or E-Cadherin 
overexpression (right panel) conditions (C) and quantification of pMLC fluorescence 
(D) (means ± SEM). n = 8-11 cells from 8 different clusters. ***P ≤ 0.001 (two-tailed 
Student’s t-test). Scale bar, 50 m. Note that the presence of E-cadherin impairs the 
formation of the actomyosin cable leading to accumulation of pMLC in the centre of 
the cluster, similar to the distribution observed in pre-migratory neural crest shown 
in fig. S1, F and G. (E) Myosin light chain (MLC) fluorescence (means ± SEM) when 
E-Cadherin or N-Cadherin is overexpressed. Note that the shift in actomyosin 
accumulation from the peripheral cable to the centre of the cluster is only induced 
by E-cadherin overexpression, but not by N-cadherin. n = 8-11 cells from 8 different 
clusters. *P ≤ 0.05, ***P ≤ 0.001 (one-way ANOVA); ns, not significant. Together 
these results suggest that the E- to N- cadherin switch during neural crest EMT is 
involved in the formation of the actomyosin cable in the periphery. 
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Fig. 4.6. The actomyosin cable is under tension. (A) Laser photoablation of the 
actomyosin cable (red arrowhead) in the absence of SDF1. Green arrowheads 
represent cell-cell contacts. Scale bar, 10 m. Note the recoil of the cable and of the 
cell-cell junctions. Representative example from n = 30 cells from 25 different 
clusters, N = 5 experiments. (B) Strain of the actomyosin cable and of the cell-cell 
junctions (means ± SEM) after laser ablation of the actomyosin cable after ablation at 
t = 0 s. Lines indicate exponential fit, y = 0.07*exp(-0.54x) + 0.02 for actomyosin; y = 
-0.23*exp(-0.29x) + 0.03 for cell-cell contact. n = 8-10 cells, each from 8 different 
clusters, N = 3 experiments. (C and D) Regeneration of the actomyosin cable after 
laser ablation (C) and fluorescence quantification (means ± SEM) (D). Ablation is at 
0 s. n = 6 cells each from 6 different clusters, N = 3 experiments. Scale bar, 10 m. 
(E) Example of a cell exchanging its position. The cell (outlined in white dashes) 
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moves from the centre to the cell cluster periphery. Note how the actomyosin cable 
is preserved at the edge. LifeAct is red, myosin light chain is green. This is a 
representative example from many cells and clusters, N = 10 experiments. No 
quantification is associated with this. 
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Interestingly, the sometimes-dramatic changes in cell shape suggest that actin cable 
tension is transmitted across the entire cell membrane (Fig. 4.6C). The actin cable 
reforms itself quickly at the edge of the cluster following ablation (Fig. 4.6, C and D). 
The dynamic formation and reformation of the cable is further exemplified by cells at 
the periphery that leave the cluster or move around within the cluster (Fig. 4.6E); the 
cable assembles or disassembles such that it is always a multicellular structure at the 
cluster’s edge. Moving of cells to or from the cell edge impeded supracellular cable 
connection only momentarily; although not quantified, the cable was generally 
observed to be re-established within seconds. 
Because the actomyosin cable is under high tension, it is likely to be a contractile 
structure. To assess whether the actomyosin cable is contractile, we measured the 
length of the cable in individual cells. This revealed frequent shortening in the 
actomyosin cable, independent of SDF1 (Fig. 4.7, A and B). The fact that the ring is 
multicellular suggests that contractility may be synchronous. Indeed, these pulsed 
contractions were multicellular as adjacent cells contracted synchronously (Fig. 4.7, 
C and D). Note that the fact that cells synchronously contract mean quantifications 
throughout this thesis are performed on only one or two cells per cluster. 
To further assess the supracellular nature of the actomyosin cable, two ablations were 
performed: a first ablation of the actomyosin cable in one cell to dissipate tension, 
followed by the immediate ablation of the actomyosin cable in a second cell, a few 
cells away from the first within the same cluster (Fig. 4.7E). The recoil of the cable 
was recorded in both cells. The recoil of the cable caused by the second ablation was 
reduced compared to the first (Fig. 4.7F), indicating that tension of the cable is 
transmitted between cells. 
The existence of an actomyosin ring, as shown here, is not the first example that has 
been found in collectively migrating cell groups. In epithelial cells, the presence of an 
actomyosin cable seems to inhibit protrusion formation (Reffay et al., 2014). However, 
the mesenchymal neural crest cells form protrusions independent of the presence of 
the actomyosin ring (Fig. 4.7, G and H). Cells at the edge of the cluster occasionally, 
but rarely (~ <5% of the time), had an actomyosin cable that would transiently 
disappear during live imaging. On these occasions, the cable would reform very 
quickly (in less than one minute). The significance of this phenomena was not further 
studied, because of the rarity in which it occurs. 
Whilst exposure to SDF1 gradients did not affect the magnitude of actomyosin 
contractions (Fig. 4.7B), contractions occurred less frequently in front cells during  
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Fig. 4.7. The actomyosin cable is tensile and contractile in a supracellular 
manner. (A) Spontaneous contraction of the actomyosin cable. Green arrowheads: 
cell-cell contacts. Scale bar, 10 m. (B) Actomyosin length (means ± SEM) 
measured over time. Contractions start at 0 s. n = 20 cells, each from 20 different 
clusters, N =  5 experiments. (C) Multicellular contraction of the actomyosin cable. 
Scale bar, 10 m. (D) Histogram of the number of adjacent cells synchronously 
contracting. n = 48 sets of contractions from 10 clusters, N = 5 experiments. (E) 
Drawing representing the analysis of supracellular contractility in panel G. (F) Black 
bar: recoil velocity (means ± SEM) of the actomyosin cable after one cell’s ablation; 
magenta bar: recoil velocity (means ± SEM) of the actomyosin cable in a cell 
ablated within 5 cells’ distance away from the fist ablation. Note the diminished 
recoil velocity in the second ablation, indicating the supracellular nature of the 
actomyosin cable. n = 9 pairs of cells, each from different clusters, N = 3 
experiments. **P ≤ 0.01 (two-tailed Student’s t-test). (G) Images of a cell with and 
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without the actomyosin cable. Note the presence of protrusions in both cases. Scale 
bar, 10 m. (H) Graph quantifying the percentage of cells exhibiting protrusions 
when the cell has or doesn’t have an actomyosin cable (means ± SEM). n = 20 
clusters, from N = 5 experiments. (two-tailed Student’s t-test); ns, not significant. 
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collective chemotaxis without affecting cells at the rear (Fig. 4.8, A and B). A similar 
inhibition of front contractions was observed with the chemoattractant, PDGF-A 
(Bahm et al., 2017) (Fig. 4.8C). It should be noted that contraction frequency, as 
analysed here and in later experiments, is not necessarily a read-out of tension; this 
would be best analysed by laser ablation, or perhaps traction force microscopy. 
To understand the mechanism by which SDF1 might inhibit front cell contractility, 
Rac1 FRET was performed on neural crest explants, because Rac1 is known to be 
activated by SDF1 (Theveneau et al., 2010) and Rac often has a mutually 
antagonistic relationship with Rho, an activator of contractility (Ridley, 2015). Cells 
and the cluster edge in the absence of SDF1 had similarly low Rac1 FRET efficiency 
as rear cells of clusters exposed to an SDF1 gradient (Fig. 4.9, A and B). By contrast, 
Rac1 FRET efficiency was increased in front cells during chemotaxis (Fig. 4.9C), 
indicating that SDF1 activates Rac1 in front cells. This supports previous data that 
SDF1 is an activator of Rac1 through its cognate receptor, CXCR4 (Theveneau et al., 
2010). Next, a RhoA FRET construct was used to determine regions of high or low 
RhoA activity. RhoA FRET was high in edge cells in the absence of SDF1, but low in 
front cells when exposed to an SDF1 gradient (Fig. 4.9, C and D), indicating that 
RhoA and Rac1 levels are negatively correlated. To determine whether Rho is 
inhibited through SDF1-dependent Rac activation, explants were exposed to the 
Rac1 pharmacological inhibitor, NSC23766, during chemotaxis to SDF1. RhoA levels 
were significantly higher in front cells when exposed to the Rac1 inhibitor, suggesting 
that SDF1 activates Rac1, which in turn inhibits RhoA in front cells but not rear cells. 
Our data showed a difference in front-rear contractility during chemotaxis (Fig. 4.8). 
The FRET images in Fig. 4.9, A and B, are projections. In the future, it would be useful 
to separate out the z planes and identify the actin cable (with another marker), 
because Rho should be enhanced at the region of the actomyosin cable if it 
contributes to myosin contractility at the rear of neural crest explants during 
chemotaxis. To further assess whether SDF1 inhibits contractility in front cells, 
explants were immunostained for pMLC. Unlike control explants, cluster exposed to 
SDF1 had reduced levels of pMLC at the front (Fig. 4.9, E and F). pMLC levels could 
be alternatively activated by using an optogenetic form of RhoA (Fig. 4.14), described 
in detail in section 4.2. Exposure of clusters to the myosin ATPase inhibitor, 
blebbistatin, inhibited neural crest contractility (Fig. 4.9H). Finally, to determine 
whether SDF1 was signalling primarily through front cells and not rear cells, 
chemotaxis assays were performed in which neural crest clusters were composed of 
control and CXCR4 morphant cells, in a mosaic fashion. Chemotaxis was more  
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Fig. 4.8. Actomyosin contractility is inhibited at the front during collective 
chemotaxis. (A) Distribution of actomyosin contractility at different angles without (-
SDF1) or with (+SDF1) an SDF1 gradient. n = 150 contractions, from 15 different 
clusters, N = 5 experiments. (B and C) Actomyosin contraction frequency (means ± 
SEM) of cells exposed to a gradient of the neural crest chemoattractants SDF1 (B), 
or PDGF-A (C). n = 15 cells (A) or 7 cells (B), randomly selected from different 
clusters, N = 3 experiments. ***P ≤ 0.001 (one-way ANOVA); ns, not significant (B). 
**P ≤ 0.01 (Kruskal-Wallis test); ns, not significant (C). Note that SDF1 and PDGF-A 
inhibit contractions at the front of the explant. 
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Fig. 4.9. Rac1/RhoA regulated by SDF1 inhibits contractions at the front. (A to 
D) Rac1 and RhoA FRET probes were expressed in mosaic in Xenopus neural crest 
explants. Top panels (A and C) show the FRET efficiency for the indicated treatments, 
bottom panels (A and C) show the cells within the cluster in different colours and black 
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represents the cell free space at the edge of the cluster. In each panel front is at the 
bottom. Rac1 FRET efficiency in cells at the front or rear of neural crest explants 
exposed to no SDF1 or to an SDF1 gradient (A), and the quantification of FRET 
efficiency (means ± SEM) (B). n = 10 cells from 10 different clusters, N = 3 
experiments. ***P ≤ 0.001 (one-way ANOVA); ns, not significant. Scale: 20 m. Note 
that SDF1 leads to Rac1 activation only in front cells. RhoA FRET efficiency in cells 
at the front of neural crest explants exposed to no SDF1 or to an SDF1 gradient, with 
our without the Rac1 inhibitor, NSC23766 (C), and the quantification of FRET 
efficiency (means ± SEM) (D). n = 10 cells from 10 different clusters, N = 3 
experiments. ***P ≤ 0.001 (one-way ANOVA); ns, not significant. Scale: 20 m. Note 
that SDF1 inhibits RhoA activity at the front of the cluster in a Rac1-dependent 
manner. (E and F) Immunostaining of the front of explants exposed to no SDF1 or to 
an SDF1 gradient (E) and quantification of phospho-myosin light chain (pMLC) levels 
(means ± SEM) (F). Scale bar, 20 m. Arrow indicates loss of pMLC. n = 30 cells from 
14 different clusters, N = 3 experiments. **P ≤ 0.01 (two-tailed Student’s t-test). (G) 
Quantification of phospho-myosin light chain (pMLC) (means ± SEM) after 
immunostaining explants illuminated or not illuminated while expressing optoGEF-
contract. n = 10 cells each randomly selected from different clusters, N = 3 
experiments. ***P ≤ 0.001 (two-tailed Student’s t-test). Note that activation of RhoA 
(optoGEF-contract) leads to an increase in MLC phosphorylation. (H) Frequency of 
contractions (means ± SEM) of peripheral cells when exposed to the myosin ATPase 
inhibitor, blebbistatin, showing that contractions are myosin-dependent. n = 10 cells 
each randomly selected from different clusters, N = 3 experiments. ***P ≤ 0.001 (two-
tailed Student’s t-test). (I and J) Examples of neural crest cell mosaics with wild type 
(green) and CXCR4 morphant (red) cells. The circle at the top is the SDF1 bead. 
Percentage of clusters undergoing chemotaxis (means ± SEM) is quantified in J. n = 
24 clusters, N = 3 experiments. ***P ≤ 0.001 (one-way ANOVA); ns, not significant. 
(K) Diagram showing the proposed mechanism by which SDF1 inhibits front 
contractility during collective chemotaxis. At the front (bottom panel) SDF1 activates 
the CXCR4 receptor, which in turn activates RhoA leads to MLC phosphorylation and 
actomyosin contraction. 
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efficient in clusters in which control cells were at the front, rather than CXCR4 
morphant cells, suggesting that SDF1 signals through the leaders (Fig. 4.9, I and J). 
Altogether, these data hint at a proposed mechanism in which SDF1 binds CXCR4, 
activates Rac1, which inhibits RhoA, myosin phosphorylation and consequently 
actomyosin contractility (Fig. 8I). In rear cells, or cells not exposed to an SDF1 
gradient, Rac levels are low, whilst RhoA, phospho-myosin and contractility is high 
(Fig. 4.9K). 
Cells at the periphery of an explant not exposed to SDF1 can therefore be considered 
to all act like ‘rear’ cells, and one of the effects of exposure to an SDF1 gradient is 
the transformation of a few rear cells into front cells. 
An emergent question from this proposed mechanism is whether the cluster, and 
contractility is dependent on the absolute SDF1 levels that the cells are sensing, or 
whether it is dependent on relative levels sensed between the front and rear of the 
cluster. To assess this, contractility was measured in clusters exposed to uniform 
levels of SDF1. Unlike the SDF1 gradient, uniform SDF1 did not inhibit contractility 
(Fig. 4.10A), suggesting that the cluster responds to the chemotactic gradient instead 
of absolute SDF1 levels. To examine this further, contractility was quantified when 
clusters were far or near an SDF1 chemotactic source, where absolute levels are 
likely to be very different. Rear contractility and cluster speed were both unchanged 
during chemotaxis (Fig. 4.10, B and C), which hints that clusters respond to the 
gradient rather than to absolute levels of the chemoattractant, but given the low p 
value, this result remains somewhat inconclusive and would benefit from further 
analysis to increase n numbers. Also, how the differences between the front and rear 
of the cluster is communicated between the cells remains unclear, but may rely on 
communication via gap junction signals to allow for communication between the front 
and rear of the cell group. 
To explore the connection between the asymmetric actomyosin contraction and 
collective chemotaxis, we simultaneously measured the position of front and rear cells 
of explants during migration, as well as the length of the actomyosin cable at the front 
and rear. Pulsatile contraction of the cable at the rear (Fig. 4.11, A and B, green lines)  
coincided with the forward movement of the rear (Fig. 4.11, A and B, blue lines). Both 
events immediately preceded the movement of the front of the cluster (Fig. 4.11, A 
and B, red lines). A similar local contraction precedes a short forward movement in 
the absence of SDF1, but with no long-range directed movement (Fig. 4.11, C and  
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Fig. 4.10. Neural crest clusters respond to the SDF1 gradient. (A) Frequency of 
front cell contractions in the absence of SDF1, in the presence of an SDF1 gradient 
(+ SDF1) or exposed to uniform SDF1 (means ± SEM). n = 10 cells, each selected 
randomly from different clusters, N = 3 experiments. ***P ≤ 0.001 (one-way ANOVA); 
ns, not significant. Note that a gradient of SDF1 but not uniform SDF1 can inhibit front 
contractions, indicating that the cluster responds to the gradient and not to an 
absolute value of SDF1. (B) Frequency of rear cell contractions when the cluster is at 
different distances from the SDF1 source. n = 10 cells from different clusters. (two-
tailed Student’s t-test); ns, not significant. As the SDF1 levels should be higher when 
the cluster is closer to the chemoattractant source, this observation suggests that the 
cluster does not respond to an absolute value of SDF, but to an SDF1 gradient. p = 
0.16. n = 12 explants, N = 3 experiments. (two-tailed Student’s t-test); ns, not 
significant. Note that n values are low, and the p value is close to 0.05, suggesting 
that with more data, there could be a significant data, so the conclusion that 
contractility does not change as the cluster gets closer to an SDF1 source is taken 
cautiously. (C) Rolling average of cluster speed during collective chemotaxis to SDF1. 
n = 7 clusters; N = 4 experiments. Like the above observation, the absence of a net 
acceleration/deceleration when the cluster is closer to the chemoattractant source 
suggests that it does not respond to the absolute SDF1 values. 
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Fig. 4.11. Rear contraction coincides with a cluster’s forward movement. (A) 
Relative actomyosin length at the front (brown line) and rear (green line) of a cluster, 
and the position of the front (red line) and rear (blue line) of the cluster. This shows a 
representative example that is quantified further in B. (B) Relative actomyosin 
length at the front (brown line) and rear (green line), and the position of the 
front (red line) and rear (blue line) of the cluster, averaged (means ± SEM) 
among many contractions from different clusters exposed to SDF1. An 
equivalent analysis, but for a single cluster, is shown in Fig. 4.11A. (C and D). 
Analysis of spontaneous contractions observed in absence of SDF1. (C) 
Position of the rear of the cluster (blue line) when a sequence of contractions 
is observed, analysed as actomyosin length (green line). (D) Similar to B but 
the average of many different contractions. Note that contractions without 
SDF1 are accompanied by forward movement of the rear of the cluster in the 
region where the contraction took place. n = 15 contractions (B) or 6 
contractions (D) from different clusters (15 and 6, respectively), N = 3 
experiments in each case. 
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D). Together, these results suggest that supracellular actomyosin contractility at the 
rear may drive collective cell chemotaxis. 
4.2 Functional tests of actomyosin cable contractility ex vivo 
We tested the role of rear contractility of the actomyosin ring on collective chemotaxis 
by performing laser ablation. Clusters were allowed to undergo chemotaxis to SDF1, 
before certain structures were ablated. Chemotaxis was impaired by ablation of the 
actomyosin ring in rear cells, but not by equivalent ablations in front cells, or by 
ablations to the cytoplasm of rear cells, or to cell-cell junctions of middle cells (Fig. 
4.12). Repetitive ablations of the cable were performed in multiple cells due to the 
previously described dynamic reformation of the cable after it had been ablated (Fig. 
4.6, C and D). By contrast, although ablation of the cell-cell junctions caused its full 
recoil, it did not reform within the imaging time so no repetitive ablations were 
required. This result suggests that the rear supracellular actomyosin cable is 
necessary for collective chemotaxis. 
To test the requirement of rear contractility, we used an optogenetic system (Valon et 
al., 2017) to either increase (optoGEF-contract) or decrease (optoGEF-relax) 
contractility. The system is based on overexpressing a RhoA activator (DHPH domain 
of ARHGEF11) fused to the light-sensitive protein CRY2-mCherry. The resulting 
protein is called optoGEF-RhoA. In the absence of blue light, a fraction of the RhoA 
pool is active because of endogenous activity and overexpression of the RhoA 
activator. Upon illumination, CRY2 changes conformation and binds to its optogenetic 
partner, CIBN. To increase contractility, optoGEF-RhoA is translocated to the cell 
surface by co-injecting with CIBN-GFP-CAAX. To decrease contractility (relative to 
an unilluminated state), optoGEF-RhoA is sequestered at mitochondria by co-
injecting with mito-CIBN-GFP. This system was optimised for Xenopus and optoGEF-
RhoA could be correctly targeted (Fig. 4.13) as previously described (Valon et al., 
2017). 
In neural crest, the actomyosin cable is a medial-apical structure (Fig. 4.14A). The 
optogenetic tools were first successfully tested to, upon illumination with low doses of 
blue light, modulate the levels of phospho-myosin in the actomyosin cable without 
affecting the low levels of basal myosin (Fig. 4.14, B and C) that associates with focal 
adhesions. No effect was observed on cell protrusions (Fig. 4.15), focal adhesions  
129 
 
 
Fig. 4.12. Laser ablation of the rear actomyosin cable inhibits collective 
chemotaxis. (A) Above, examples of two neighbouring cells with ablations (red 
arrowheads). Scale bar, 10 m. Below, images of explants exposed to SDF1 
gradients during ablations between the indicated times. For A to C, red: front 
actomyosin cable ablation; blue: rear actomyosin cable ablation; turquoise: rear cell 
cytosol ablation; olive: centre cell-cell contact ablation. Repetitive ablations were 
performed in all positionally correct cells of clusters of similar sizes, except where 
cell-cell contacts were ablated as no recovery was observed (in this case, ablations 
were performed on 4-5 cell junctions). Scale bar, 50 m. Note that cell-cell junction 
ablations do not affect chemotaxis. A shows examples that are quantified in B to D. 
(B) Position of the front of explants during chemotaxis (means ± SEM); dashed line 
indicates when ablations begin. n = 6-8 clusters, N = 3 experiments. (C) Chemotaxis 
index (means ± SEM) of clusters. n = 6-8 clusters, N = 3 experiments. ***P ≤ 0.001 
(one-way ANOVA); ***P ≤ 0.001 (two-tailed Student’s t-test); ns, not significant. (D) 
Velocity (means ± SEM) of the cluster during chemotaxis to SDF1 before or during 
ablation treatments. Note that the only ablation that impairs chemotaxis is the rear 
ablation of the actomyosin cable, whereas ablations in the rear cytosol, in the front 
actomyosin cable, or in the cell-cell junction do not interfere with chemotaxis. n = 6-8 
clusters, N = 3 experiments. ***P ≤ 0.001 (one-way ANOVA); ns, not significant. 
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Fig. 4.13. optoGEF-RhoA translocates to the membrane or mitochondria upon 
blue light activation. (A and B) Representative images of CIBN-GFP-CAAX (A) or 
mito-CIBN-GFP (B). Note the membrane localization in A and the mitochondrial 
localization in B. These two constructs are tagged with GFP, for imaging purposes. 
Scale bar, 10 m. (C to H) Representative images of optoGEF-RhoA (tagged with 
mCherry) in the absence of blue light (488-nm, C and D), in the presence of blue light 
(488-nm, E and F) or a control laser (514-nm, G and H), when co-expressed with 
CIBN-GFP-CAAX (C, E and G) or mito-CIBN-GFP (D, F and H). Note that only 488-
nm is able to translocate the optoGEF-RhoA, as visualized by membrane and 
mitochondria localization in E and F, respectively. Scale bar, 10 m. A and B show 
the GFP channel (CIBN-GFP-CAAX or mito-CIBN-GFP, respectively); C to H show 
the mCherry channel (optoGEF-RhoA-mCherry). 
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Fig. 4.14. Optogenetic activation method affects phospho-myosin levels on the 
actomyosin cable. (A and B) Diagram of a cell with apical (blue) and basal (red) 
regions, relative to the substrate, and pictures of the apical and basal myosin in neural 
crest cells (A). The edge of a neural crest cell cluster with myosin represented as 
different colors according to the z-plane (B). Note that two main populations of myosin 
are found in neural crest cells, an actomyosin cable located apically and a basal 
myosin population. MLC: myosin light chain. Scale bar, 20 m. (C) Phospho-myosin 
levels using the optogenetic tools. Note that the tools affected the levels of 
phosphorylated myosin in the actomyosin cable (apical), but not the basal population. 
pMLC: phosho-myosin light chain. n = 40 cells from 18 explants, N = 3 experiments. 
***P ≤ 0.001 (one-way ANOVA); ns, not significant. 
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Fig. 4.15. Optogenetic tools do not affect protrusions in Xenopus neural crest. 
(A) Representative images of cell protrusions in control and after optoGEF-contract 
or optoGEF-relax photoactivation. Scale bar, 10 m. (B to D) Protrusion duration 
(means ± SEM) (B), protrusion size (means ± SEM) (C) and number of protrusions 
(means ± SEM) (D). Note that optoGEF-contract and optoGEF-relax does not affect 
protrusion dynamics in the conditions used in our assay. n = 30 cells from 20 explants, 
N = 3 experiments. (one-way ANOVA); ns, not significant. 
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(Fig. 4.16), cell dispersion (Fig. 4.17) or phosphorylation of myosin located basally 
outside the cable upon illumination in the conditions of our assay (Fig. 4.14C). 
We first tested whether high contractility at the rear is necessary for collective 
chemotaxis, by photoactivating optoGEF-relax at the rear of migrating clusters 
exposed to SDF1. Inhibition of contractility in rear cells impaired chemotaxis (Fig. 
4.18, A to C). By contrast, inhibition of contractility in front cells failed to affect 
collective chemotaxis (Fig. 4.19). To determine whether rear contractility is sufficient 
to drive collective cell migration, we activated contractility in rear cells in the absence 
of SDF1. Whilst control neural crest did not exhibit directional migration, activated 
neural crest moved forward, away from the region of photoactivation (Fig. 4.18, D to 
F).  
To test whether SDF1-dependent inhibition of contractility in front cells is required for 
collective chemotaxis, we activated contractility in front cells of migrating clusters 
exposed to SDF1; this repressed chemotaxis, suggesting that low front contractility is 
essential for collective chemotaxis (Fig. 4.18, G to I). Finally, we asked whether front 
inhibition of contractility by SDF1 was sufficient to generate directed migration. We 
inhibited front contractility in the absence of SDF1, which resulted in directional 
migration (Fig. 4.18, J to L). Moreover, preliminary data suggests cell explants could 
be forced to reverse their direction of migration using these optogenetic tools (Fig. 
4.18, M and N). These optogenetic treatments affected contractility (Fig. 4.20) and 
seemed to not affect cell motility (Fig. 4.21). Together, these results suggest that 
collective migration requires greater contractility at the rear than at the front of the cell 
cluster. 
4.3 Simulating anisotropic contractility during collective migration in silico 
To understand how rear cell contractility might drive directed collective cell migration, 
a cell-centred computational model of a cell group with contractile edge cells (Fig. 
4.22; Methods) was implemented. The model was developed by Dr. Andras Szabo, 
with input from myself regarding the design and data needed from it. Cells interact 
through a soft-core repulsion and mid-range attraction; to model contractions, cells at 
the edge (either around the cluster or at the rear) periodically attract one another with 
additional force (Fig. 4.22; Methods) to simulated actomyosin contractility. 
In more detail: cells have a noise force (fn), random polarisation force that determine 
the velocity vector (v) and an interaction force (fi) that is based on the distance 
between it and its neighbour (Fig. 4.22A). This interaction force is repulsive at short-
range and attractive at mid-range but does not exist at long-range (Fig. 22B).  
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Fig. 4.16. Optogenetic tools do not affect focal adhesions in Xenopus neural 
crest. (A) Representative images of neural crest explants immunostained for vinculin 
in control and after optoGEF-contract or optoGEF-relax photoactivation. Scale bar, 5 
m. (B to D) Focal adhesion size (means ± SEM) (A), focal adhesion area (means ± 
SEM) (B) and focal adhesion length (means ± SEM) (C). Note that optoGEF-contract 
and optoGEF-relax does not affect focal adhesions in the conditions used in our 
assay. n = 20 cells from 16 explants, N = 3 experiments. (one-way ANOVA); ns, not 
significant. 
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Fig. 4.17. Optogenetic tools do not affect cell-cell adhesions in Xenopus neural 
crest. (A and B) Representative images of cell positions in control and after 
optoGEF-contract or optoGEF-relax photoactivation (A), and diagrams of the 
associated Delaunay triangles to calculate cell dispersion (B). (C) Delaunay triangle 
area (means ± SEM). Note that optoGEF-contract and optoGEF-relax does not affect 
cell dispersion in the conditions used in our assay. Scale bar, 50 m. n = 10 clusters, 
N = 3 experiments. (one-way ANOVA); ns, not significant. 
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Fig. 4.18. Rear contractility is necessary and sufficient for collective 
chemotaxis of Xenopus neural crest. (A to L) Experimental setup for treated 
explants (A, D, G, J and M), representative cluster tracks (B, E, H, K and N) and the 
distance migrated (means ± SEM) over times as indicated in Methods (C, F, I , L and 
O). n = 10-23 clusters (F), n = 10-11 clusters (I), n = 14-18 clusters (L), n = 11-12 
clusters (O). ***P ≤ 0.001 (two-tailed Student’s t-test). Scale bar, 40 m (E and K); 20 
m (H and N). Green box: initial illumination area; cross: initial cluster position. Top 
of all pictures is the rear. All data are from N = 3 experiments. (M) Example of a cluster 
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in the absence of SDF1, membrane pseudocoloured a different time points: red, 0 
min; green, 30 min; blue, 45 min. The white box represents the initial activation area 
at 0 min (optoGEF-contract), the yellow box representes the initial activation area at 
30 min. Example M and N shows preliminary data (one example) from n = 3 explants 
from N = 1 experiment that shows control of directional migration with the optogenetic 
tools. This has not been quantified. Scale bar, 50 m. (N) Cluster track. The white 
line represents the track between 0 and 30 min; the yellow line represents the track 
between 30 and 45 min. Note how the change in activation area from the rear to the 
front causes the cluster to switch directions. Scale bar, 50 m. 
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Fig. 4.19. Chemotaxis controls for optogenetic tool. (A) Diagram of the 
experimental setup; Xenopus neural crest explants expressing optoGEF-relax were 
exposed to a gradient of SDF1, followed by photoactivation in the front cells (red ovals 
indicate mitochondria). (B) Analysis of contractility as indicated (means ± SEM). (C) 
Representative cluster tracks. The green box (A and C) indicates the initial 
illumination area; the cross represents initial cluster position. (D) Distance migrated 
forward (means ± SEM) after time indicated in Methods. Note that photoactivation at 
the front does not affect collective chemotaxis. Scale bar, 40 m. n = 35-36 clusters 
(B and D). (two-sided Mann-Whitney U-test); ns, not significant. 
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Fig. 4.20. Optogenetic tools control contractility. (A to D) Frequency of 
contractions (means ± SEM) in the indicated treatments during the experiments in 
Fig. 4.18: A corresponds to Fig. 4.18A, B to Fig. 4.18D, C to Fig.4.18G, D to Fig. 
4.18J. n = 10 cells randomly selected from 10 different clusters. (two-tailed Student’s 
t-test); ns, not significant. 
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Fig. 4.21. Optogenetic tools do not affect cluster motility. (A to D) Accumulated 
distance (dot plot with mean line) of explants in the indicated treatments during the 
experiments in Fig. 4.18: A corresponds to Fig. 4.18A, B to Fig. 4.18D, C to Fig.4.18G, 
D to Fig. 4.18J. In all cases, n = 10-14 clusters, N = 3 experiments. (two-tailed 
Student’s t-test); ns, not significant. These results show that the optogenetic 
treatments described here do not affect the motility of the cluster. A: p = 0.87 B: p = 
0.86; C: p = 0.33 D: p = 0.22.  
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Fig. 4.22. Computational model of a cell cluster and testing parameters. This 
model was generated by Dr. Andras Szabo, with input from myself. (A) Cells are 
represented as disks on a 2D plane by their position and velocity, and with a central 
and symmetric interaction (fi) amongst them. Cells are propelled by an internal 
polarization force (fp) in the direction of their velocity vectors (v) and experience a 
noise factor (fn). (B) Interaction profile of cells as a function of distance (r) from 
another cell. An additive contractile force (fc) increases the interaction force uniformly 
(blue dashed line) between two contractile cells. (C) Representation of a cell cluster 
indicating neighbor relations. If the largest angle between neighbors is more than 135 
degrees (for example: the cell is considered an outer cell (yellow); otherwise (it 
is an internal cell (green); red spring represents contraction. (D) Illustration of the 
computational model cluster. Yellow: edge cells; green: internal cells; red: 
contraction; horizontal line: distinction between front and rear, with rear outer cells 
contracting (red spring). (E to H) Pictures of example simulation clusters at start and 
end frames, with different rear regions, with quantification of displacement (F), 
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forward migration index (G) and persistence (H) (box plots for all). n = 50 simulations. 
Note that poor migration is only exhibited in clusters with a very small rear contractile 
region. (I to L) Pictures of example simulation clusters at start (blue) and end (red) 
time frames with clusters of different sizes. N on diagram is the number of cells in the 
cluster. Quantification of displacement (J), forward migration index (K) and 
persistence (L) (box plots for all) with different size contracting rears, n = 50 clusters. 
Note that migration is best (in the context of FMI, persistence, displacement) at a level 
similar to the size of ex vivo clusters (approximately 50 cells). 
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Contractility increases the interaction force (Fc) (Fig. 4.22B). Clusters are generated 
by Delaunay Triangulation from the Voronoi, and a contractile force (Fc, red spring) 
is periodically applied to contractile cells (yellow cells) are determined to be those that 
have a large angle () and not those (green cells) with a small angle () between cells 
(Fig. 22C). This does not apply to cells that have a large distance between them 
(rreach). Regions of contractile cells are applied selectively (blue horizontal line) to 
either all valid cells, which reproduces control ex vivo clusters, in which all outer cells 
are contractile, or those just in the rear (Fig. 4.22D, red arrows) (like those ex vivo 
clusters undergoing chemotaxis). There is no chemotactic agents in the simulation, 
however. Some parameters were tested, examples of which are shown in Fig. 4.22. 
Modifying the region of rear contractility in simulations showed that migration was 
only strongly impaired when the region of rear contractility was very small (Fig. 4.22, 
E to H). Clusters migrated best when there were ~50 cells in the group, with low cell 
numbers resulting in poor migration and very high numbers causing a mild inhibition 
of migration (Fig. 4.22, I to L). Parameters are justified and explained in Section 3.7. 
Similar to the ex vivo data, only simulations with rear but not with uniform contractility 
were able to migrate forward (Fig. 4.23A, and movie 2). Other migration outputs were 
comparable between in silico and ex vivo clusters (Fig. 4.23, B to D). Interestingly, 
these simulations supported the model that rear contractility may be sufficient for 
long-range directed collective cell migration, even in the absence of a chemotactic 
signal. To understand how this contractility-driven migration model might work, cell 
movements were carefully analysed in simulations. Unexpectedly, analysis of cell 
movements in silico revealed that rear cells in contractile regions intercalated forward, 
into the cell group (Fig. 4.24A, and movie 3). As predicted by the model, an equivalent 
intercalation at the rear of neural crest clusters was found (Fig. 4.24B), and this 
occurred at a high rate in clusters undergoing collective chemotaxis (Fig. 4.24C). To 
determine whether intercalation at the cluster rear causes a wave of cell movement 
forward, cells were tracked in silico. The simulations predicted that the effect of this 
local cell rearrangement is spread through the whole cell group such that when the 
cluster’s rear contracts, the rear cells intercalate, triggering a wave of cell movement 
that propagates from the rear towards the front of the cluster (Fig. 4.25, A and B). 
Surprisingly, by analysing cell movement by PIV, a similar wave was observed ex 
vivo, as predicted by the model (Fig. 4.25, C and D). This suggests that rear cell 
intercalation might push cells forward progressively over time, following rear 
contractions. Cell intercalation likely causes a rearrangement of cells within the 
cluster. To understand what was happening, cell tracks from in silico simulations were  
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Fig. 4.23. In silico simulations generate directional migration that is similar to 
ex vivo cluster behaviour. (A) Simulated cluster tracks with uniform contractility 
(black tracks) or rear contractility (pink tracks). Note that only rear contractility 
promotes forward movement. Scale bar, 100 m. (B) Directionality (means ± SEM) 
of clusters. n = 10 clusters. ***P ≤ 0.001 (one-way ANOVA); ns, not significant. ex 
vivo clusters are from N = 4 experiments. (C and D) Positions (means ± SEM) of the 
front and rear of cell clusters during rear contractions (C) and velocity (means ± SEM) 
(D). n = 5-6 cells are randomly selected from different clusters (5-6 explants), N = 3 
experiments. Note the fit between ex vivo and in silico data. (two-sided Mann-Whitney 
U-test); ns, not significant. 
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Fig. 4.24. Rear cells intercalate forward during directional migration. (A and B) 
Intercalation of a rear cell (purple) between two adjacent cells (orange) in silico (A) 
and ex vivo (B) during directional migration. Scale bar, 20 m. Images are 
representative from imaging of 30 clusters. (C) Histogram of the frequency of rear cell 
intercalation during cluster directional migration ex vivo. Intercalation % refers to the 
percentage of cells intercalating into the cluster from the rear, while accounting for 
those cells moving in the reverse direction, described further in Methods Section 
3.6.2. Frequency % refers to the % of clusters migrating at each level of intercalation 
percentage. n = 20 clusters, N = 5 experiments. 
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Fig. 4.25. A rear-to-front speed wave occurs after rear contraction. (A to D) Wave 
of contraction. Speed heat map during migration in silico (A) and ex vivo (C). Speed 
profile (means ± SEM) from clusters in silico (B) and ex vivo (D) at different times 
during directional migration. Position 0 m represents the rear of the cluster; position 
200 m and 170 m (B and D, respectively) represents the front of the cluster. n = 5 
clusters. ex vivo data are from N = 4 experiments Scale bar, 40 m. 
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used to average cell movement over time and subtract cluster movement. This 
revealed an intra-cluster flow of cells whereby rear cell intercalation causes a drift 
forwards through the middle of the group and cells at the front and sides move 
backwards, replacing rear cells (Fig. 4.26A). Using PIV from ex vivo clusters, this was 
then confirmed to occur experimentally too (Fig. 4.26B). 
Consistent with this mechanism driving cluster movement, a positive correlation was 
found between the speed of ex vivo and in silico clusters during collective migration 
and the amount of rear cell intercalation (Fig. 4.27A). Furthermore, non-migratory ex 
vivo and in silico clusters had low intercalation, including during rear actomyosin 
ablation treatments (Fig. 4.27B). Migratory clusters in silico had comparable cluster 
speeds to ex vivo (Fig. 4.27B). It would be interesting to test this further by examining 
contractility and collective cell movement when intercalation is inhibited. LPAR2 
inhibition (through use of a morpholino, MO) seems to prevent cell-cell exchange by 
blocking N-Cadherin endocytosis (Kuriyama et al., 2014); the same analysis (Fig. 
27A, green dots) shows a fit to the trend of ex vivo wild type data. However, N-
Cadherin also has functions in adhesion and cohesion (Scarpa et al., 2015) and CIL 
(Roycroft et al., 2018, Bahm et al., 2017) so this result might alternatively be explained 
by the effects of loss of LPAR2 on these features of collective neural crest migration, 
in addition to (or instead of) the effect on intercalation. Additionally, this LPAR2 data 
has low n values. 
Actomyosin contractions were often preceded by relaxation by cells that do not 
intercalate. An alternative hypothesis is that relaxation of the rear actomyosin cable 
could be driving collective cell chemotaxis. However, under normal conditions, 
contractility and relaxation, if quantified by shortening and extension of the cable, 
respectively, are similar and intimately linked. To assess whether relaxation might be 
important for collective cell migration, the levels of contraction and relaxation were 
compared in different conditions. During normal chemotaxis, rear contractility and 
rear relaxation are both high (Fig. 4.28A). When not undergoing directed migration, 
clusters have low contractility and relaxation (Fig. 4.28A). However, activation of 
optoGEF-contract at the rear increases contractility and reduced relaxation (the latter 
because cells are intercalating), and these cluster still migrate forward (Fig. 4.28A). 
Thus, rear contractility is necessary for forward movement, whereas rear relaxation 
is not. This suggests that rear contraction, and not relaxation, drives directed 
migration. In support of this, simulations in which the rear continuously contracts (and 
does not relax at all) were able to migrate in a highly directional manner (Fig. 4.28B,  
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Fig. 4.26. Cluster movement arising from rear contraction. (A and B) Direction of 
intra-cluster cell movements shown from time-averaged cell tracks in silico (A) and 
particle image velocimetry (PIV) ex vivo (B) after subtracting cluster movement. Cells 
are tracked manually in silico and the bright field and membrane channels are used 
for PIV analysis ex vivo. These movements are an average from n = 5 clusters. 
Individual examples look similar. Scale bar, 40 m. 
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Fig. 4.27. Cluster speed positively correlates with rear cell intercalation (A) 
Cluster speed and rear cell intercalation during migration. Ex vivo (wild type, black) 
data are taken from N = 5 experiments; LPAR2MO (LPA receptor 2 morpholino, 
green) data are taken from N = 1 experiment. (B) Cluster speed (means ± SEM) and 
rear cell intercalation (means ± SEM) of clusters. Abl: laser ablation of the actomyosin 
ring in rear cells. n = 6-21 clusters, N = 3 experiments. 
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Fig. 4.28. Rear relaxation does not drive migration. (A) The frequency of rear 
contractions (green bars) (means ± SEM) and rear relaxations (red bars) (means ± 
SEM) of the actomyosin cable, and cluster forward migration (striped bars) (means ± 
SEM) when clusters are exposed to an SDF1 gradient, no SDF1 gradient, or no SDF1 
gradient with optoGEF-contract activated at the cluster rear. Note that forward 
migration only occurs during high rear contraction but can occur during both high or 
low rear relaxation, suggesting high rear contraction, and not relaxation, drives 
collective chemotaxis. n = 10 cells randomly selected from 10 different clusters for 
contraction and relaxation, or clusters for forward migration index quantification. Data 
is from N = 5 experiments. (B) Forward migration (means ± SEM) of simulated 
clusters during pulsed rear contractions (clusters have both rear contraction and rear 
relaxation) and continuous rear contraction (no relaxation). Note that relaxation does 
not contribute to forward migration in silico. n = 10 clusters. (two-tailed Student’s t-
test); ns, not significant. 
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and Movie 4). Altogether, these results suggest that rear contractility drives collective 
cell migration by inducing cell intercalation which pushes the group forward.  
4.4 Testing actomyosin contractility in vivo 
The cumulative results of our ex vivo and in silico data suggest that rear contractility 
can drive collective cell migration. To test whether this model of collective cell 
chemotaxis explains in vivo migration of cranial neural crest in some species, we 
analysed neural crest migration in Xenopus and zebrafish embryos. Neural crest 
expressing fluorescently-tagged MLC were grafted into wild-type host Xenopus 
embryos and imaged. Similar to ex vivo, an actomyosin cable was present at the edge 
of the neural crest (Fig. 4.29, A to D). 
To assess actomyosin in zebrafish, the transgenic line Tg(Sox10:nuclear-RFP-Gal4) 
was used. Sox10 is a promoter that is specifically active in the neural crest. The neural 
crest of this transgenic line is identified by nuclear-RFP expression driven by this 
promoter. Embryos were microinjected with a UAS-MLC-GFP, which causes MLC  
expression specifically in neural crest cells upon Tamoxifen exposure. Imaging these 
embryos revealed a pluricellular actomyosin cable at the edge of the cranial neural 
crest (Fig. 4.29, E and F). Time-lapse imaging of the actomyosin showed that is a 
contractile structure in vivo in both Xenopus and zebrafish, with the cable reducing its 
length (Fig. 4.30, A to D) similar to ex vivo. Moreover, actomyosin contracts more 
frequently at the rear of the neural crest stream than at the front in Xenopus (Fig. 
4.30E). Like ex vivo, rear contractility preceded forward movement of the cluster in 
Xenopus embryos (Fig. 4.30F). 
Next, whole-mount immunostaining was performed on Xenopus and zebrafish 
embryos, and the front and rear of neural crest streams imaged (Fig. 4.31, A and E). 
For Xenopus, fibronectin was imaged to identify the neural crest stream; fibronectin 
is the substratum upon which the neural crest migrates. Less phospho-myosin was 
present at the front than at the rear at the beginning of migration (Fig. 4.31, A to D). 
In zebrafish, two different transgenic lines and two different pMLC antibodies were 
used. Tg(Sox10:nuclear-RFP-membrane-GFP), in which neural crest cells have 
fluorescently tagged nuclei and membrane markers, and Tg(Sox10:GFP), in which 
neural crest cells express GFP that is localised to the cytoplasm, were both used to 
identify neural crest cells. Actin cable-like structures were found at the front and rear 
of the neural crest in both lines (Fig. 4.31, F to I, middle panels), but phospho-myosin 
was primarily found on the rear cable and not the front cable (Fig. 4.31, E to J).  
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Fig. 4.29. Xenopus and zebrafish neural crest cluster have a rear actomyosin 
cable in vivo. (A to D) Diagram of a Xenopus embryo. Dashed boxes indicate the 
regions of the cephalic neural crest stream imaged in B to D; e, eye. Representative 
images of fluorescence of the rear (B), front (C) and side (D) of the Xenopus neural 
crest stream in vivo. MLC: myosin light chain; dashed lines: cell-cell contacts between 
neural crest cells. Scale bar, 10 m. (B) White dashed lines indicate the junctions 
between neural crest cells. Scale bar, 10 m. n = 10 embryos. N = 3 experiments. (E) 
A diagram of the zebrafish embryo. Red: neural crest. Boxes indicate the regions 
imaged in F. Rear (dorsal) is top of the pictures. (F) Immunofluoresence of neural 
crest cells expressing fluorescently-tagged nuclei Tg(Sox10:nuclearRFP-Gal4)) and 
myosin light chain (UAS:MLC-GFP). Note the formation of a neural crest-expressing 
myosin cable at the rear of the stream. Scale bar, 20 m. n = 8 embryos. N = 3 
experiments.  
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Fig. 4.30. The actomyosin cable is contractile in Xenopus and zebrafish. (A) 
Contraction of the actomyosin cable of Xenopus neural crest in vivo; green 
arrowheads: cell-cell contacts; dashed line: cell edges. Scale bar, 10 m. (B) Relative 
actomyosin length (means ± SEM) during rear contraction. Dotted line at t = 0 is the 
contraction. n = 11 cells from different clusters (11 different clusters), N = 3 
experiments. (C and D) Contraction of a rear cell during zebrafish neural crest 
migration in the transgenic line Tg(Sox10:nuclearRFP-Gal4); UAS:MLC-GFP was 
injected to visualize neural crest-expressing myosin. The white dashed line 
represents the cell-cell contacts between neural crest cells, identified using a 
membrane marker. Note the shortening of the rear actomyosin cable, which is 
quantified in D (means ± SEM). n = 10 cells from 10 different embryos, N = 
experiments. Scale bar, 10 m. (E) Actomyosin contraction frequency (means ± 
SEM). n = 20 cells from different clusters (20 different clusters), N = 3 experiments. 
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**P ≤ 0.01 (two-tailed Student’s t-test). (F) Actomyosin length at the front (brown line) 
and rear (green line) of a Xenopus cluster in vivo, and the position of the front (red 
line) and rear (blue line) of the cluster.  
  
155 
 
 
 
Fig. 4.31. Phospho-myosin is enhanced at the rear of neural crest clusters in 
vivo. (A and D) Diagram of a Xenopus embryo; e, eye (A) immunostained for 
phospho-myosin and fibronectin, the migratory substrate of the neural crest. 
Representative images of the rear (B) and front (C) of the neural crest stream in vivo. 
Note that this diagram is not a graft of the neural crest, the purple stream simply 
depicts the normal neural crest position. The images in B and C are from 
immunostained embryos. Scale bar, 20 m. (D) Fluorescence (means ± SEM) of 
phospho-myosin light chain (pMLC) at the front and rear of neural crest streams after 
in vivo immunostaining. n = 20 cells from 12 different embryos, N = 4 experiments. 
*P ≤ 0.05 (two-tailed Student’s t-test). (E) A diagram of the zebrafish embryo. Red: 
neural crest. Boxes indicate the regions imaged in F to I. Rear (dorsal) is top of the 
pictures. (F to I) The rear and front of the neural crest cluster. Embryos from the 
zebrafish lines Tg(Sox10:nuclearRFP-membraneGFP) (F and G) and 
Tg(Sox10:GFP) (H and I) were immunostained against Phalloidin and phospho-
myosin light chain (pMLC). Note the similarity of the staining in the two different 
transgenic systems and using two different phospho-myosin antibodies, and the 
presence of pMLC in the rear but not front of the cluster, which is quantified in F. n = 
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10 cells from 10 different clusters, N = 3 experiments. ***P ≤ 0.001 (two-tailed 
Student’s t-test). Scale bar, 10 m. 
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Combined, these data suggest that there is rear contractility in neural crest cell groups 
in vivo. 
To identify whether individual neural crest cells flowed through clusters, as predicted 
from in silico and ex vivo results, we tracked live cells during migration in vivo. In both 
Xenopus and zebrafish, cells that were initially at the rear of the group indeed 
intercalated forward during migration (Fig. 4.32, A to D). Similar to the ex vivo and in 
silico data, subtracting cluster movement to in vivo cell tracks reveals an intra-cluster 
flow in which rear cells intercalate inward, move forward and move backwards around 
the edges (Fig. 4.32, E and F). This suggests that rear contractility might be driving 
neural crest migration in vivo. 
To test whether rear contractility is required for neural crest migration in vivo, we 
grafted neural crest expressing optoGEF-contract or optoGEF-relax into wild-type 
host Xenopus embryos. Activation of contractility at the front of the stream or inhibition 
at the rear impaired neural crest migration (Fig. 4.33, A to F, and movies 5 and 6), 
indicating that greater contractility at the rear than the front was necessary for 
migration in the embryo. Neural crest grafted into host embryos lacking SDF1, 
through the use an SDF1 morpholino, failed to migrate but activation of contractility 
at the rear of such grafts rescued migration, demonstrating that high actomyosin 
contractility at the rear can drive directed collective migration in vivo (Fig. 4.33, G and 
I, and movie 7). 
The conclusion of these data is that rear contractility, as produced by a supracellular 
actomyosin cable, can drive collective cell chemotaxis in vivo (Fig. 4.34A). High 
Rho/ROCK levels at the cluster rear promotes myosin II phosphorylation (Fig. 4.34B) 
which results in high actomyosin cable contractility. Surpracellular contractility at the 
cluster rear causes cells to intercalate inward, which generates an anterograde flow 
of cells that makes the whole cluster move forward (Fig. 4.34A). Cells at the edge are 
mechanically coupled, and contractility pulls these cells rearward to replenish cells 
lost at the back (Fig. 4.34A). This system works thanks to the front/rear anisotropy in 
contractility that results from SDF1/CXCR4-induced inhibition of contractility in rear 
cells via activation of Rac1 and inhibition of Rho/ROCK/Myosin II. 
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Fig. 4.32. Neural crest clusters have rear intercalation and flow of cells in 
Xenopus and zebrafish embryos. (A) Diagram of a Xenopus embryo used for 
imaging in B. (B) Intercalation of a rear cell (purple) between two adjacent cells 
(orange) in in vivo in Xenopus. Scale bar, 20 m. (C) Picture of a zebrafish embryo 
Tg(Sox10:nuclearRFP-membraneGFP) with fluorescent neural crest cells. The white 
box indicates the cephalic neural crest. (D) Intercalation of a rear cell (purple) 
between two adjacent cells (orange) in in vivo. Scale bar, 20 m. (E) Tracks of rear 
neural crest cells in vivo in Xenopus after subtracting the cluster movement. Scale 
bar, 30 m. Grey dots: initial cell positions. Shows representative example from 5 
embryos, N = 3 experiments. (F) Tracks of rear neural crest cells in vivo after 
subtracting the migration of the stream. Scale bar, 20 m; grey disks: initial cell 
positions. Shows representative example from 5 embryos, N = 3 experiments. 
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Fig. 4.33. Rear contractility is necessary and sufficient for in vivo collective 
neural crest cell chemotaxis. (A to I) Experimental design of treated Xenopus 
embryos (A, D and G), representative tracks of neural crest clusters (B, E and H) and 
migration index (means ± SEM) (C, F and I). Green box: initial illumination area; cross: 
starting position of the explant. n = 10 clusters (10 grafts, each in a different embryo), 
N = 3 embryos. ***P ≤ 0.001 (two-tailed Student’s t-test). Scale bar, 50 m.  
  
160 
 
 
 
 
 
Fig. 4.34. The model. (A) Collective cell chemotaxis is driven by actomyosin 
contractility at the rear (red arrows) from an actomyosin cable (red band) which is 
connected to adjacent peripheral cells by N-Cadherin (blue squares). Rear 
contractility drives cells to reduce their cell width and intercalate into the cell group, 
which generates a flow of cells that move forward from the rear and then backwards 
around the sides (black arrows). This results in movement of the whole cell group 
forward (grey arrows). Anisotropic contractility is established by SDF1 inhibition of 
contractility in front cells. In vivo, rear contractility likely works with many other well 
described mechanisms, including contact inhibition of locomotion, co-attraction, 
confinement, focal adhesions and protrusions (grey edges). (B) In rear cells (top), 
high activity of Rho/ROCK causes high contractility via phosphorylation of myosin II. 
Front cells (bottom) are exposed to higher levels of SDF1, which binds to the receptor 
CXCR4 and activates Rac. Rac inhibits Rho/ROCK which reduces levels of active 
myosin. 
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Discussion 
5.1 Rear-driven cellular motility 
Diverse forms of life have always needed the ability to move. As is being increasing 
well-recognised, many modes of migration have evolved to address this, including 
cortical contractility-based adhesion-independent motility to adhesive crawling along 
surfaces. As previously discussed (Section 1.2), the best characterised mode of 
migration is based on polarised cells that have dynamic actin-based protrusions and 
focal adhesions that generate traction to pull the cell forward, with actomyosin 
contracting the cytoskeletal network to retract the cell rear (Ridley et al., 2003). More 
recently, however, alternative modes of cell motility have been characterised, such 
as those in which classical integrin-mediated adhesion is not required (Paluch et al., 
2016). Although various examples of adhesion-independent migration are known 
(Bergert et al., 2015, Renkawitz and Sixt, 2010, Lammermann et al., 2008), their 
mechanistic basis is mostly unclear. Furthermore, neutrophils and Dictyostelium 
amoeba, classic modes of crawling cells, can also propel themselves by ‘swimming’ 
when suspended in liquid (Barry and Bretscher, 2010), and cells can migrate using 
friction on non-adhesive substrates to generate the forces required for migration 
(Bergert et al., 2015, Paluch et al., 2016). Ameboid migration tends to be controlled 
by active RhoA at the cell rear, which is sufficient to drive directional cellular motility 
in different contexts, such as on 2D surface, in liquid, and under confinement, and a 
common result of this is rearward membrane flow (Fig. 5.1, left) (O'Neill et al., 2018, 
Tanaka et al., 2017, Paluch et al., 2016). Experimental evidence for ‘swimming’ 
validates predictions made by physicists that cells can move by using tangential 
retrograde movement of their surfaces, which is more energetically efficient than other 
modes of migration because it minimises momentum transfer to the surrounding 
liquid, resulting in reduced viscous dissipation (Leshansky et al., 2007). Furthermore, 
the cell uses its endocytic machinery to traffic membrane forward from the rear, 
thereby not expending energy in synthesising new components. This suggests that 
the amoeboid migratory mode is highly efficient (Liu et al., 2015). In particular 
‘swimming’ is reminiscent of Edward Purcell’s toroidal swimmer model (Purcell, 1977) 
and subsequent models from Mark Bretscher based on surface treadmilling, in which 
retrograde membrane flow and anterograde vesicular trafficking drives cell migration 
(Bretscher, 1984, Bretscher, 1996, Bretscher, 2014). 
This ameboid mode of individual cell migration is a process that has never been 
previously reported for collectives, though it has many similarities to the contractility-
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driven model for collective chemotaxis described here (Fig. 5.1A). RhoA is highly 
active in rear cells of the neural crest cell cluster, and its activity results in rearward 
movement of the cells themselves (including their membrane, of course); an 
equivalent surface retrograde flow to ameboid cells. The anterograde vesicular 
trafficking that is part of ameboid migration in single cells to supply membrane to the 
front is analogous to the intercalation and anterograde movement of cells from the 
rear to the front. Furthermore, RhoA-stimulated actomyosin contractility at the rear 
generates the retrograde plasma membrane flow through the coupling of the plasma 
membrane to the flow of the actin cortex. This retrograde cortical actin flow, which is 
widely observed in amoeboid migration (Liu et al., 2015, Maiuri et al., 2015), could be 
considered equivalent to the actin cable, which mechanically couples cells at the edge 
of the cluster and pulls them rearward through its contractility. Indeed, faster actin 
flow in ameboid cells and higher intercalation in neural crest clusters both correlate 
with faster migration speeds (Maiuri et al., 2015) (Fig. 4.25A). Of course, this analogy 
is a false equivalency because the neural crest are known to generate integrin-
dependent adhesion on the underlying fibronectin (Alfandari et al., 2003). Perhaps a 
better analogy is that the neural crest behaves as a single entity (a ‘supracell’) and 
reproduces the features of single cell crawling migration but across a larger scale 
(Fig. 5.1B). In this context, the retrograde flow of outer cells is akin to actin retrograde 
flow. The coupling of this rearward movement to myosin motor proteins in both cases 
is able to generate the forces for forward movement. In this manner, the supracellular 
cable acts almost like a long-scale molecular clutch that couples rearward flow and 
generates propulsive forces. In single cells, actin retrograde flow is coupled to cell-
matrix adhesions to generate forces. In the collective neural crest, how the actin cable 
interacts with the substrate and across the tissue-scale is unclear. In the 
computational model, no mechanics were added, but such traction forces could be 
somewhat easily introduced, given our experimental knowledge that outer cells 
produce most of the traction forces (Scarpa et al., 2015). Introducing these forces, as 
well as the tensile forces underlying cell-cell adhesions (which are as of yet, 
unknown), would be beneficial to moving to a model that incorporates various 
mechanical aspects of collective chemotaxis together. 
Interestingly, this is the first time it has been shown that cells at a group’s rear are 
actively contributing to collective movement. This is, in part, due to frequent use of 
models where the rear cannot be studied, such as wound healing epithelial sheets 
which do not have a rear. One example of collective cell migration in which rear 
mechanical forces are known to be important is in ductal morphogenesis. Unlike most  
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Figure 5.1. Rear-driven modes of solitary and collective cell migration. (A) Left, 
a single ameboid cell. Right, a neural crest cell cluster. High levels of RhoA (red) at 
the rear of the single cell or cell group (through the actomyosin cable) causes rear 
contraction. In single cells, this leads to rearward membrane flow (blue arrows). 
Forward movement is facilitated by anterograde trafficking of cell membrane (pink 
arrows). In clusters, contraction of the cable mechanically pulls edge cells around to 
the rear (blue arrows). Forward movement is facilitated by contractility-induced cell 
intercalation, which generates an anterograde flow of cells through the middle (pink 
arrows). (B) Left, single cell lamellipodial migration classically relies on rear 
actomyosin-driven forces. Rear contractility can initiate and even be sufficient for 
single cell motility in some cases. Right, collective neural crest cell chemotaxis also 
relies on rear actomyosin forces. Contractility is shared amongst whole of the cluster 
rear (i.e. amongst many rear cells) via an actomyosin cable whose contractility is 
necessary and sufficient for migration of the cluster. 
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other examples of collective movement, cells at the front of the migrating group do 
not extend protrusions or cellular extensions. Instead, myoepithelial cells form a stalk-
like structure to seemingly push the whole structure forward, in the absence of 
apparent force generating-adhesion complexes (Ewald et al., 2008). Whether the 
internal flow forward of cells in neural crest is purely a supracellular pushing force, or 
also active through protrusive forces triggered by CIL remains unclear. 
5.2 Supracellular migration 
The equivalent behaviours between ameboid ‘swimmers’ and neural crest collectives, 
and the fact that this flow is reproduced in silico solely from having a contractile rear, 
suggests that the whole neural crest cluster behaves as ‘supracell’, an idea that has 
been suggested from some recent theoretical research (Friedl and Gilmour, 2009, 
Vedula et al., 2013). In fact, for more than a century, it has been proposed that groups 
of cells may behave as a supracellular unit, whereby the cell group could be 
considered as a giant ‘supracell’ (Ruth, 1911, Uhlenhuth, 1914, Vaughan and 
Trinkaus, 1966). This differs enormously from the collective migration of some 
epithelial cell groups, such as the Drosophila follicular epithelium, in which individual 
cells all behave identically and individual behaviour within the group is only minimally 
modified as a result of the formation of cell-cell contacts, which primarily act as anchor 
points. The supracellular behaviour that the neural crest display is evident through 
the necessity of each cell’s contribution to the group’s behaviour. Through CIL, a 
cluster is generated whose peripheral cells have larger, more stable protrusions and 
stronger forces than internal cells, whose protrusions are inhibited (Scarpa et al., 
2015, Carmona-Fontaine et al., 2008b). A balance of CIL and short-range C3a-
dependent chemotaxis (co-attraction) keeps the group held together but weakly 
enough that the outer cell-inner cell differential is achieved (Carmona-Fontaine et al., 
2011), and the dynamic turnover of N-Cadherin, because the cells are mesenchymal, 
allows cells to act cohesively and exchange places (Kuriyama et al., 2014). A rear 
actomyosin cable that is formed in a supracellular manner, across multiple cells, and 
contracting many cells synchronously generates the cell flow that orients and drives 
long-range directed migration. The group’s activity can therefore be considered highly 
‘supracellular’ in that it behaves at a scale greater than that of the individual cell; 
simply ‘sticking together’ individual neural crest cells while maintaining their individual 
cell behaviour would not be sufficient to achieve the organisation and behaviour of 
the group for collective chemotaxis. 
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Whether the neural crest can be considered truly supracellular, however, is unclear, 
and there seems to be a spectrum of supracellularity that collectively migrating cells 
can exist upon (Fig. 5.2). ‘True’ supracellularity has been demonstrated in the 
collective movement arising from the Drosophila ventral furrow. Myosin-dependent 
apical constriction drives invagination of this epithelial sheet, which occurs even in 
acellular embryos (He et al., 2014), indicating that the entire tissue is behaving as if 
the individual cell components are irrelevant. Whether collective neural crest cell 
chemotaxis can occur through total loss of all internal cell junctions is an intriguing 
question that could be addressed with the laser ablation approach described in this 
thesis. Although CIL would be lost in such an experiment, the contractility model 
described here only requires for an anisotropic contractility to generate directed 
migration. Perhaps this enormous syncytium would behave like the ameboid that 
‘swim’ – with retrograde membrane flow and anterograde trafficking of membrane 
components, in a manner similar to how the cellular neural crest behave. 
5.3 The potential role of mechanical input into this model 
The importance of mechanical signals to direct cell behaviour, including migration, is 
becoming well recognised (Roca-Cusachs et al., 2013, Lammermann and Sixt, 2009). 
The ex vivo assays used here plate neural crest on fibronectin-coated plastic or glass 
dishes, which are infinitely stiffer than the in vivo stiffness of ~120 Pa mesoderm upon 
which the neural crest migrate in Xenopus embryos in vivo (Barriga et al., 2018). Ex 
vivo, neural crest cells at the cluster’s periphery have large, stable focal adhesions 
(relative to the internal cells). These focal adhesions, however, are proposed to be 
absent from ameboid migration (Liu et al., 2015) because integrin expression inhibits 
ameboid behaviour (Carragher et al., 2006). Focal adhesions and the cell cortex is 
thought to compete to recruit the actomyosin contractile machinery, leading to either 
contractile stress fibres, where cell-matrix adhesion is high, or a contractile/flowing 
cortex, where cell-matrix adhesion is low. In doing so, cells can adapt to their 
microenvironment and use different methods to move (Fig. 5.3). For this reason, the 
similarities between the single cell ameboid ‘swimmer’ migration model and the 
contractility-driven collective migration model described here are somewhat 
surprising. Swimmers are thought to behave in frictionless environments, yet it seems 
that the actomyosin cable can still exert a force to generate the ‘swimmer’-type flow 
of cells in spite of its relatively strong adhesion to the substrate. Perhaps this 
emphasises the strength of the contractile cable and hints that the neural crest is 
possibly more ameboid-like than previously thought. Interestingly, the inner neural  
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Figure 5.2. Supracellularity in collective cell migration. Examples of different 
modes of migration and movement by different cell types and in different 
morphogenetic events. Note how some types of movement display no supracellularity 
at all, such as collective migration of the Drosophila follicular epithelium, whose cells 
behave primarily as individuals despite having cell-cell junctions. By contrast, neural 
crest cells have a rear actomyosin cable whose supracellular contractions drive 
forward movement of the cluster through cell intercalation; and morphogenesis of the 
Drosophila ventral furrow can be explained through apical myosin contractility, which 
reproduces invagination even in acellularized embryos. 
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Fig. 5.3 Motility modes, influencing parameters and the initiation and 
maintenance of stable bleb motility. Motility modes include mesenchymal motility, 
or various forms of amoeboid motility characterized by blebs, pseudopods, or stable 
blebs. These are influenced by environmental factors, including the strength of 
adhesion to the substrate, or the extent of physical confinement and contractility. The 
formation of a stable bleb is theorized to involve fluctuations in cortical contractility, 
followed by symmetry breaking and the formation of a bleb. Cortical flow of actin and 
myosin II toward the cell rear then enhances contractility in this location, stabilizing 
the formation of a single bleb at the front and generating force that drives migration. 
Adapted from (Welch, 2015).  
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crest cells tend to be more rounded, and have very small and transient focal 
adhesions, which is reminiscent of ameboid morphology. 
In vivo, where ECM stiffness is comparatively low, neural crest cells at the edge of 
the stream might display more amoeboid-like behaviour in vivo and use internal 
contractile forces rather than stress fibres to move. This could explain why the effects 
of the optogenetic experiments were even more striking in vivo (Fig. 31) than ex vivo 
(Fig. 17). Indeed, integrin-mediated adhesions are not required for in vivo confined 
migration (Lammermann et al., 2008), and the neural crest migrates under 
confinement, which promotes its collective movement (Szabo et al., 2016). Whether 
the neural crest utilises the contraction mode of collective migration even more 
efficiently when integrin-mediated adhesion is reduced could be studied by plating 
neural crest explants on soft gels that reproduce in vivo mesodermal stiffness, as has 
been described previously (Barriga et al., 2018). 
Despite the speculations made above, neural crest are known to produce protrusions 
in vivo (Carmona-Fontaine et al., 2008b), and collective migration is triggered by 
mesodermal stiffening in vivo, which is sensed by a complex composed of integrin, 
vinculin and talin (Barriga et al., 2018). This suggests that normal neural crest 
migration uses a combination of mechanisms, including rear actomyosin contraction, 
in addition to previously described mechanisms such as confinement (Szabo et al., 
2016), CIL (Scarpa et al., 2015, Roycroft et al., 2018, Carmona-Fontaine et al., 
2008b), protrusions (Theveneau et al., 2010), co-attraction (Carmona-Fontaine et al., 
2011) and mechanical signals from the mesoderm (Barriga et al., 2018). 
Interestingly, the mode of collective cell chemotaxis differs from collective cell 
durotaxis, which also involves long range force transmission but is based on 
differential substrate deformations at the cluster front and rear (Sunyer et al., 2016). 
Collective durotaxis occurs due to the ability of cells to deform the substrate more in 
the part of lower stiffness than in the stiffer part (Escribano et al., 2018). Both cases 
use anisotropic forces to generate directional movement, and suggests that the 
principals of cell movement in vitro could scale up to multicellular platforms. Collective 
durotaxis relies on cell-substrate adhesions forming, and the group is pulled in the 
direction of strongest force. This is an extension adhesion-based single cell motility, 
where the driving force is provided by cell-matrix. Although not tested in this thesis, 
the idea proposed here that contractility-driven migration could be more important in 
situations where there is less cell-matrix adhesions (and so the cluster is using its 
own contractile machinery) would be the equivalent of adhesion-free single cell 
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migration. Although these two collective mechanisms are tested separately, efficient 
in vivo migration is likely to be dictated by a combination of physical and chemical 
cues. For example, matrix elasticity regulates mesenchymal stem cell chemotaxis, 
meaning single cell chemotaxis speed it sum of a stiffness-dependent component and 
a chemokine concentration-dependent component (Saxena et al., 2018). 
5.4 Implications for other models of collective migration 
5.4.1 Border cells 
Another highly tractable model system for collective chemotaxis are border cells, 
which are the gametes of the Drosophila embryo that migrate within the egg chamber 
in response to chemotactic gradients. Myosin II is highly expressed during border cell 
migration (Edwards and Kiehart, 1996) and, like the neural crest, actomyosin 
accumulates at the edge of the cell group, which is essential for normal chemotaxis 
(Combedazou et al., 2017, Lucas et al., 2013), suggesting that the contractility-driven 
collective chemotaxis mechanism described here may be applicable in other 
collective chemotaxis systems. 
Border cells migrate in two phases. First, they undergo collective chemotaxis 
posteriorly toward PDGF/VEGF. They then migrate dorsally toward sources of EGF 
(Poukkula et al., 2011), which is required for their late phase migration (Duchek et al., 
2001). The behaviour of the cluster is different in these two phases. Chemotaxis to 
PDGF/VEGF occurs in a more linear manner, in which one cell leads the others with 
external-facing protrusions, whereas the rotational (dorsal) phase of border cell 
chemotaxis to EGF is more disorganised; cells are more mobile and they exchange 
positions (Cliffe et al., 2017). Perhaps the two phases of border cell chemotaxis may 
represent two different styles/modes of collective migration. During the linear phase, 
cells behave in a more epithelial, and less supracellular manner. Unlike EGF, PVR 
activation, enhances Rac (Wang et al., 2010b, Prasad and Montell, 2007, Bianco et 
al., 2007), which in turn supresses myosin (Bianco et al., 2007, Fernandez-Espartero 
et al., 2013), meaning protrusions are more important for the group’s migration, and 
cells tend to stick to the same positions in the cluster. This is redolent of epithelial-
like behaviour. Indeed, border cells mutant for spaghetti squash, which encodes non-
muscle myosin II light chain, form long, abnormal protrusions that phenocopies 
overexpression of actin (Fulga and Rorth, 2002), and myosin II is known to refine 
cellular protrusions (Majumder et al., 2012). 
By contrast, chemotaxis during the rotational phase dorsally towards EGF is more 
mesenchymal-like, and the cluster behaves in a more supracellular manner. The 
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peripheral localisation of actomyosin is enhanced by EGF during the second phase 
of migration (Combedazou et al., 2017) and myosin II activity controls the linear-to-
rotational switch (Combedazou et al., 2017), suggesting that a strong peripheral 
actomyosin localisation may be important in mesenchymal-like collective behaviour. 
This is alike to neural crest cells, which also have reduced peripheral actomyosin 
when they express more E-Cadherin or are pre-migratory (Fig. 4.5), having not yet 
gone through EMT. Moreover, suppression of myosin in border cell clusters causes 
them to migrate in a linear fashion regardless of their position in the egg chamber, 
and with reduced rotational speeds. Myosin activation is therefore necessary and 
might be sufficient to induce rotational border cell migration, and regulation of myosin 
is essential for linear-to-rotational switch as locking myosin in one state leads to a 
uniform mode of migration (linear when myosin is low, rotational when it’s high). The 
rotational phase of collective border cell chemotaxis therefore seems comparable to 
collective neural crest cell chemotaxis. Despite the border cells being epithelial, 
perhaps the enhancement of actomyosin around the edge of the cluster, like in the 
neural crest, is important for them becoming more interchangeable. 
The fact that PVR, unlike EGFR, inhibits myosin, implies that peripheral actomyosin 
organisation is more important for the rotational phase of migration than for the linear 
phase. However, the fact that linear migration efficiency is also affected when myosin 
is inhibited suggests that restricted activation of myosin is required for linear migration 
(Combedazou et al., 2017). The linear to rotational switch could thus be linked to a 
change in myosin activity from the single cell to the cluster level, which is reminiscent 
of a change in behaviour from individualistic to supracellular. Indeed, localised myosin 
signalling could be required during the initial polarised migration, whereas collective 
myosin regulation would dominate the later phase for more efficient migration through 
nurse cells (Majumder et al., 2012). The rotation of border cells remains quite a 
mysterious process, and little is known about the activation of myosin, but these 
changes could come about as a result of border cells meeting a different organisation 
of nurse cells, which would impact their morphology. Indeed, border cell-substrate 
adhesion activates a positive feedback loop of Rac and actin assembly to stabilise 
forward-directed protrusions and persistent migration (Cai et al., 2014). 
Interestingly, at least one of the roles of peripheral actomyosin in border cells is to 
resist compression by nurse cells (Aranjuez et al., 2016). In doing so, they retain a 
round and cohesive cluster shape. Whether additional functions can be attributed to 
peripheral actomyosin remains an area for exploration. 
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5.4.2 Epithelial and cancer cells 
Epithelial cells migrate collectively toward free surfaces created by a wound or the 
release of a physical barrier (Wood et al., 2002). MDCK fingers, studied as a model 
system of collective epithelial migration, behave as mechanical global entities, in 
which a giant leader cell drags the whole structure forward, and a peripheral 
actomyosin contractile cable mechanically inhibits the initiation of new leader cells 
(Reffay et al., 2014). Collective invasion by epithelial cancer cell lines also relies on 
peripheral actomyosin force being transmitted around the outside of the group to 
enable coordinated cell movement (Hidalgo-Carcedo et al., 2011). In this context, a 
reduction in actomyosin activity at cell-cell contacts through E-
Cadherin/DDR1/Par3/Par6 is necessary for RhoA and pMLC inhibition and a 
subsequent reduction in tension on cell junctions (Hidalgo-Carcedo et al., 2011). For 
collective migration of these cancer cells, efficient transmission of force around the 
outside of the cell group prevents clusters from dissociating and avoids single cell 
motility. These examples of collective epithelial migration in 2D and 3D environments 
highlights the importance of pluricellular actomyosin contractile structures for cluster 
cohesion (Hidalgo-Carcedo et al., 2011, Omelchenko and Hall, 2012, Gaggioli et al., 
2007). Moreover, it underlies the fact that a peripheral actomyosin cable can function 
in different ways for different systems. Although not tested, the role of peripheral 
actomyosin in driving collective cell migration for neural crest could occur in cancer 
cells alongside its known role in promoting cohesive behaviour. In some ways, the 
model described here is an extension of this idea; the neural crest’s actomyosin ring 
promotes cohesiveness of the cluster at the supracellular level. 
Interestingly, large clusters of colorectal cancer epithelial cells displaying a robust 
outward apical pole, termed tumour spheres with inverted polarity (TSIPs), use 
actomyosin contractility to collectively invade 3D extracellular matrices (Zajac et al., 
2018). They do this in a seemingly adhesion-independent manner, as inhibition of 
FAK, Rac1 or integrins does not affect TSIP invasion. Therefore, at the apical pole of 
TSIPs, the contractility of the actomyosin cortex, and not the cell-ECM proteins, has 
a prevalent role in collective migration. These results indicate that TSIPs collectively 
invade tissues by, rather than involving formation of adhesion-based protrusions, as 
some most other collectively migrating systems do (Wang et al., 2010b, Hegerfeldt et 
al., 2002), relying on the high contractility of the apical peripheral actomyosin cortex 
resulting (Zajac et al., 2018). Mechanistically, contractility is regulated by non-
canonical TGF- signalling (Zajac et al., 2018), although not in a chemotactic manner. 
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This is highly reminiscent of propulsive amoeboid single-cell migration (Callan-Jones 
and Voituriez, 2016), and bares similarities to neural crest collectives. 
The many above examples of collective migration, and the relationships shown 
between tension, actin superstructures and Rho activation are yet further examples 
of the transposition of concepts that have been validated on single cells to the 
multicellular scale (Vaezi et al., 2002), and suggests that other cell types may migrate 
under similar principles to the contractility-driven collective migration model described 
here. 
5.5 Cell flows 
The flow of cells during contractility-driven collective neural crest chemotaxis is 
essential to the mechanism of this model. It is not completely clear whether the flows 
observed in neural crest are active or passive. The actomyosin cable around the 
cluster periphery mechanically connects cell neighbours. Supracellular contraction 
therefore actively drives these cells from the front edge to the back edge. Likewise, 
intercalation is driven by contractility. However, the involvement of CIL forces in 
generating the forward flow of cells is unknown. 
Cell flows seem to be a common feature of non-epithelial cell movements, as well as 
morphogenetic processes that require a mass of tissues. Cell flows have been 
described in other morphogenic processes, such as primitive streak formation 
(Rozbicki et al., 2015, Cui et al., 2005), morphological asymmetries in mammalian 
hair follicles (Cetera et al., 2018), and convergent extension (Simoes et al., 2014, 
Bertet et al., 2004). For example, placode epithelial cells engage in a counter-
rotational pattern of cell flows that converts radially-symmetric epithelial clusters to 
planar polarised hair buds with anterior-directed growth (Fig. 5.4A) (Cetera et al., 
2018). This flow pattern is identical to that of neural crest collectives during 
chemotaxis (Fig 5.4B) in both Xenopus and zebrafish. Moreover, neural crest 
movement shares features of other collective cell migration events such as cell 
intercalation during convergent extension (Guillot and Lecuit, 2013, Zallen and 
Blankenship, 2008) and ommatidia rotation in the Drosophila eye (Mlodzik, 1999), 
processes that depend on PCP, myosin II, Rho and ROCK (Keller, 2002, Tada and 
Heisenberg, 2012, Shindo, 2018, Zheng et al., 1995, Theisen et al., 1994, Wolff and 
Rubin, 1998, Winter et al., 2001, Fiehler and Wolff, 2007). Likewise, neural crest 
intercalation and cell flow is Rho and myosin II-dependent, and PCP contributes to 
CIL for directional migration. Cell intercalation allows cells to rearrange their positions, 
such as in the mouse visceral endoderm (Trichas et al., 2012), in the Xenopus 
173 
 
 
 
Fig. 5.4. Cells flows during collective movements. (A) Overall cell trajectories 
during placode polarisation. Cells at the centre of the placode move anteriorly, cells 
in the posterior converge towards the midline (blue and purple) and anterior cells 
move away from the midline and then posteriorly (red). Anterior is the bottom. (B) 
Neural crest cell tracks of rear cells in zebrafish embryos during collective cell 
migration. Front is the bottom. Grey disks indicate initial cell position. (C) Cell traces 
(GFP) of randomly scattered cells in the epiblast. Trajectories show the distance that 
the cells migrate over a 5 h. The trajectories are colour coded the distance migrated 
over the last hour of the experiment is shown in green and the colour coding thus 
indicates the direction of migration. The outline of the streak is shown in red. (D) 
Vector displacement map average of cell motion in the paraxial mesoderm of 
zebrafish embryos. Warm colours are higher speeds and arrows are averaged 3D 
velocity vectors (projected onto 2D). (E) Neuroectoderm cell movements in zebrafish 
embryos over the prechordal plate. Note how there is reoriented directed movement. 
Adapted from (Cetera et al., 2018, Chuai and Weijer, 2008, Lawton et al., 2013, 
Smutny et al., 2017). 
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 (Davidson and Keller, 1999) and chick neural tube (Nishimura et al., 2012), and in 
the Drosophila germ band (Bertet et al., 2004, Blankenship et al., 2006). Cell 
intercalation enables cell movement by changing the position for cell junctions in the 
tissue. Cell junctions are removed, bringing cells together, before new junctions are 
formed. Likewise, the massive junctional remodelling during neural crest migration is 
evident in their weak and dynamic cadherin-based contacts and high levels of cell-
cell positional exchange. Moreover, asymmetric contractility is important not only for 
neural crest migration; likewise, directional contraction along cell boundaries driving 
cell intercalation has been shown previously in the primitive streak. Similar biased 
actin bundle contractions also drive Drosophila cell re-arrangements (Simoes et al., 
2014, Cavey and Lecuit, 2009). 
In several systems, cells locally produce the energy used to remodel contacts by 
forming planar-polarised actomyosin cables connecting two or more vertices 
together. This process is both active and to a certain degree collective, as it involves 
many cells that are connected by supracellular contractile cables. Junction shrinkage 
requires polarised phosphorylation of MLC, enrichment of myosin filaments, and 
polarised tension. The anisotropic contractility and cell movements bare similarity to 
collectively migrating neural crest, which likewise use polarised contractility and 
intercalation for complex cell re-arrangements. 
Neural crest movements also resemble the ‘polonaise’ movements in avian embryos 
that occur during formation of the primitive streak, where epiblast cells undergo large-
scale tissue flows organised in two counter-rotating streams (Fig. 5.4C) (Rozbicki et 
al., 2015, Voiculescu et al., 2007). However, whether the neural crest movements 
could also occur in such a large number of cells is not known. Interestingly, apical 
contraction and intercalation during primitive streak cell flows are myosin II dependent 
(Rozbicki et al., 2015), similar to the neural crest. In the case of hair follicles, PCP 
asymmetry may dictate the orientation of cell intercalations by localising myosin 
activity to induce junctional shrinkage (Nishimura et al., 2012, Shindo and Wallingford, 
2014), which would initiate directional cell flow. Junction loss and assembly can cause 
rotation of neighbouring cell borders (Aigouy et al., 2010, Aw et al., 2016), just like in 
the more mesenchymal neural crest. 
The tailbud in growing vertebrate embryos consists of motile progenitors for the 
musculoskeletal system. Cells of the posterior tail bud move rapidly, whereas there 
is less motion further back in the pre-somitic mesoderm. Although most of the cells 
from the dorsal medial zone, there are clear swirls of cells moving from the medial to 
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lateral progenitor zone (Fig. 5.4D) (Lawton et al., 2013). Interestingly, these 
morphogenetic flows are driven by persistent mediolateral supracellular stresses 
(Mongera et al., 2018). Thus, supracellular forces can guide collective movements in 
other systems. In this context, supracellular stresses generate these flows via 
restriction of lateral tissue expansion and posterior elongation (Mongera et al., 
2018).A similar swirling pattern is observed in the tailbud of avian embryos, although 
in these cases it seems the flow pattern emerges from random collective cell motility 
(Benazeraf et al., 2010, Zamir et al., 2006). A similar flow pattern is observed in the 
collective movements of neurectoderm relative to the movement of the underlying 
prechordal plate cells. Most of the neuroectoderm cells undergo epiboly movements 
directed towards the vegetal pole, but cells located directly above and anterior to the 
leading edge of the prechordal plate slowed down their vegetal-directed movement 
and reoriented their direction of motion from vegetal to animal, resulting in high 
animal-directed movement alignment with the adjacent prechordal plate progenitors 
(Smutny et al., 2017). This local reorientation of neurectoderm cell movements close 
to the leading edged of the prechordal plate is accompanied by the formation of large-
scale counter-rotating vortex-like cell flows within the neuroectoderm (Fig. 5.4E) 
(Smutny et al., 2017). In this context, cell flows are driven by friction forces between 
two collectively migrating cell populations moving in opposite directions in an E-
Cadherin mediated manner (Smutny et al., 2017). 
5.6 Molecular mechanism and gradient sensing 
The proposed mechanism for establishing the front-rear anisotropy in contractility is 
based on differential exposure to SDF1. SDF1/CXCR4 signalling in front cells inhibits 
ROCK/Rho/Myosin II, whereas these downstream effectors are active in rear cells, 
meaning actomyosin contractility is high. This fits the data that shows, in the absence 
of SDF1, contractility is high in all edge cells irrespective of position, implying that the 
‘default’ for edge cells is that they behave like the rear, and exposure to a 
chemoattractant like SDF1 generates a leading edge. Interestingly, PDGF-A, another 
known chemoattractant of the neural crest (Roycroft et al., 2018), has an identical 
effect on actomyosin contractility, suggesting this may be a common mechanism for 
collective cell chemotaxis. 
Interestingly, the neural crest responds only to a chemoattractive gradient, and not to 
absolute values. Also, there seems to be a gradient of contractility from front to rear, 
rather discrete levels. To fit with the proposed mechanism, there would need to be at 
least two components. Firstly, there needs to be some form of intercellular 
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communication between cells of the cluster such that one side knows which is the 
front and the other knows to behave like the rear. In MDCK wound healing sheets, a 
propagating wave of ERK activation orients collective cell migration (Aoki et al., 2017). 
For neural crest, this may be some signalling pathway that act through gap junctions, 
which are well recognised as a means for intercellular communication, and indeed 
the gap junction component Cx43 is expressed specifically in the neural crest (Xu et 
al., 2006). The messaging would have to relay the relative levels of active (bound) 
CXCR4. Secondly, a factor would need to integrate into the signalling pathway to 
block the activity of SDF1/CXCR4 in the region where it is low (compared to other 
edge cells). These factors could potentially be the same molecule, although this 
regulation seems highly complex and likely involves many components. 
An understanding of how single cells operate can only provide a partial understanding 
of the functions at a higher level of organisation (the collective). For example, 
mesoscale phenomena such as cell jamming, or collective gradient sensing cannot 
be explained by knowledge of the single cell or molecular scale (Good and Trepat). 
In the case of collective gradient sensing, the reconstitution of each individual element 
will not necessarily explain why groups move directionally but individual elements do 
not. Molecularly, long-range regulation of calcium, which regulates myosin activity, is 
a prime candidate for further investigation. Gap junctions, which permit intercellular 
ion flow including of calcium, have long been believed to be necessary for long-range 
communication in collective sensing although no clear evidence yet exists. 
Alternatively there may be a similar ERK wave propagation signal to that described 
above, which would communicate the region of SDF1 activation to prevent inhibition 
of contractility in the cells receiving the signal. 
5.7 Pulsed contractions 
The actomyosin cable of the neural crest display pulsatile contractions. This was first 
assessed by measuring the amplitude of contraction (by measuring cable length), 
laser ablation (to show the cable is under tension/contractile) and the frequency of 
contractions. Because we found no difference in the amplitude of contraction at the 
front and rear of the cluster independent of SDF1, we used frequency of contraction 
as a read-out of cable contractility for most experiments, such as the functional tests 
involving the optogenetic tools. However, pulsing frequencies are not necessarily a 
read-out of contractility. Ideally, laser ablations would be used as it is a more direct 
measurement of tension. This was avoided for technical reasons, but future 
experiments could test the recoil post-ablation at the front and rear of neural crest 
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clusters during chemotaxis, and the effect of the optogenetic tools on actomyosin 
recoil. Increasing contractility, for example, by using optoGEF-contract should 
increase the tension and lead to faster recoil. Importantly, actomyosin cable recoil 
post-ablation should be performed in vivo to more definitively show that it is under 
tension at the read of migratory cell groups. 
The neural crest is not the first model system to show pulsed actomyosin contractions; 
actomyosin pulses is important for various morphogenic processes (Coravos et al., 
2017). Examples include amnioserosa apical constriction at Drosophila dorsal closure 
(David et al., 2010), apical constriction of epithelial cells of the ventral furrow (Martin 
et al., 2009), salivary gland (Booth et al., 2014) and renal tubules (Saxena et al., 
2014), during extension of the Drosophila germband (Rauzi et al., 2010) and in the 
follicular epithelium surrounding and shaping the developing oocytes (He et al., 2010). 
In all these examples, pulsatile contractions result from minifilaments dynamically 
assembling and contracting as a cytoskeletal network. Actomyosin pulses correspond 
with accumulation and dissipation of F-actin and can show oscillatory behaviour or 
act stochastically. Unlike this, the pulsed contraction in neural crest comes from a 
supracellular actin cable, rather than through a dynamically behaving actomyosin 
meshwork. However, in both cases, the tensile actomyosin cytoskeleton transmit 
force to cellular neighbours (Gardel et al., 2008, Roh-Johnson et al., 2012, 
Thievessen et al., 2013). 
Mechanistically, pulsatile activity of ROCK, active RhoA, RhoGEF and RhoGAP have 
been observed in Drosophila epithelia (Mason et al., 2016, Vasquez et al., 2014, 
Munjal et al., 2015), suggesting that there is dynamic regulation of RhoA GTPase. In 
the ventral furrow, RhoGEF seems to initiate contraction pulses by increasing 
actomyosin assembly rate. To determine whether the actomyosin acts in a similar 
way, the levels of actin at the cable could be measured over time, and analysed as to 
whether it oscillates or not. Also, to elucidate the mechanism, the dynamics and 
activity of RhoA should be analysed. This could be achieved by using RhoA FRET, 
or, to visualise active RhoA, a construct in which the RhoA-binding domain of rhotekin 
(rGBD) is bound to GFP. These experiments would help determine whether the the 
mechanism is more akin to other previously describe actin cables, in which 
contractility is relatively constant but it structurally similar to the cable of neural crest, 
or more like the above describe actomyosin filament assemblies, which are more 
dynamic but contract in pulses (Röper, 2013). Interestingly, the contraction in neural 
crest is SDF1-independent, suggesting that actomyosin pulsing is a self-organised 
process. It has been previously proposed that this pulses could be initiated by low 
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level actomyosin activity driving flow of F-actin, myosin, and associated proteins (e.g. 
ROCK) and disassembly of pulses occurring through delayed negative-feedback (e.g. 
a myosin phosphatase) (Munjal et al., 2015). 
Interestingly, at a transcriptional level, Snail initiates the actomyosin network 
contractions and Twist expression stabilises the constricted state of cells between 
pulsed contractions (Martin et al., 2009). The neural crest also express Snail and 
Twist during EMT, delamination and migration (Theveneau and Mayor, 2012b), and 
so may perform a similar role to regulate supracellular actomyosin contractility. Photo-
activatable morpholinos to suppress their translation would be a good tool to use to 
investigate this, because Twist and Snail are required for neural crest development 
at stages earlier than migration, and thus normal morpholinos would not be 
appropriate; myosin contractility could be analysed in this respect. 
5.8 Ex vivo/in vivo and Xenopus/zebrafish comparison 
The results presented in this thesis are consistent between two different model 
organisms and between in vivo and ex vivo. But how does this data fit in with previous 
knowledge of cranial collective neural crest migration and what limitations should be 
considered? Firstly, the ex vivo experiments lacked confinement, which could have 
been introduced experimentally using tunnels. Confinement in vivo promotes 
collective migration (Szabo et al., 2016). The actomyosin cable is observed in vivo, 
suggesting that confinement does not affect the presence or contractility of the cable, 
but future would should examine this closer ex vivo. Also, the size of clusters used to 
analyse migration ex vivo is smaller than in vivo migration. The former uses <100 
cells but the neural crest migrate in vivo in their 100s. Two important implications of 
this are: first, can a ‘pushing’ mechanism work over such a large distance; and 
second, at what stage of in vivo migration does the actomyosin contribute? In both 
models, the in vivo cell tracks were derived from the host tissue, not from grafts, 
suggesting that such large-scale movements do occur. However, contractility most 
likely contributes as one of several players toward in vivo chemotaxis, including 
traction generated by focal adhesions (Scarpa et al., 2015, Barriga et al., 2018), cell 
protrusions by leaders responding to SDF1 (Theveneau et al., 2010), and 
confinement (Szabo et al., 2016). Rear supracellular contraction is likely to be a 
complementary pushing force from the rear, to the pulling forces of leader cells at the 
front. This might be more achievable when the stream is less elongated, and therefore 
it is likely to play a more prominent role in early migration rather than late migration. 
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It is important to note, however, that although all the zebrafish data is consistent with 
that of Xenopus, no functional tests (i.e. optogenetics, laser ablation) were performed 
in zebrafish, so we cannot conclude that the function of the cable is the same. In 
zebrafish, it could have other roles, such as maintaining the group as a single entity, 
or providing mechanical support that prevents compression from the surrounding 
tissues. Using the optoGEF-RhoA optogenetic tools in zebrafish in vivo would help 
resolve this question. 
In zebrafish (as well as chick), through careful analysis of cell movements in vivo, it 
has been previously shown that cranial neural crest does not require leader cells for 
migration (Richardson et al., 2016). The data from this thesis support this idea, 
because in our model leader cells are not permanent but instead are recycled as part 
of the supracellular rearrangements. The data from this previously published paper 
show continuous interchanging of cell positions. Although no mention of stereotypical 
or repeated cell movements is made (e.g. polonaise movements), our tracking to 
show this used the same transgenic zebrafish, and relied on specific tracking of rear 
cells, meaning the data is not necessarily contradictory, and can be compatible. The 
movements observed rely entirely on which cells are chosen to track, and knowing 
the dimensions of the migratory population, including cluster front and rear. 
Interestingly, it was shown that trunk neural crest movement works by a different 
process: leader and follower identities are specified before migration and remain 
fixed, so ablation of leader trunk cells impairs collective movement (Richardson et al., 
2016). This further supports the idea that behaviour of the neural crest is highly 
subpopulation- and species-specific, so it is important to restrict our conclusions to 
the cranial Xenopus, and to a lesser degree, cranial zebrafish, cell populations. 
The balance between CIL (to generate supracellular polarisation) and co-attraction 
(to maintain the cluster together) allows the cluster to move, but in this thesis we 
describe a mechanism to permit long-range highly directional migration (by 
chemotaxis). How does this fit together? Because CIL arises from cell-cell contacts, 
it will be important to determine how strong a role the increased N-Cadherin observed 
between adjacent peripheral cells contributes to CIL. Read-outs of CIL could be 
analysed through the assembly of mosaic clusters, either by reconstituting 
dissociated cells together, or by expression of DNA rather than mRNA. Similar 
experiments could be performed with manipulation of CIL (e.g. altered non-canonical 
Wnt/PCP signalling) to affect CIL in some edge cells and not others and analyse the 
actomyosin cable and its contractility. Likewise, it is important to know how CIL is 
involved in the flow of cell movement; for example, are the ‘pushing forces’ at the rear 
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solely driving the anterograde cell flow, or is each cells pushing on the its neighbour, 
thereby generating an increased cell-cell signalling and a wave of CIL that emanates 
forward from the rear, meaning each cell is contributing forces to moving forward. 
Analysis of cell protrusion orientation and cryptic protrusions would be useful in 
disguising between these options. 
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Concluding remarks 
In conclusion, the results presented in this thesis demonstrate a novel mechanism for 
collective cell chemotaxis that can be explained by the activity of a peripheral 
actomyosin cable at the rear of the cell group. Supracellular contractility from this 
actomyosin cable causes rear edge cells to intercalate inward, which generates an 
anterograde cell flow that pushes the whole cluster forward. The mechanically 
coupled edge cells undergo retrograde movement to the rear to maintain cluster 
organisation. This mechanism works in collective cell chemotaxis because SDF1 
inhibits front neural crest cell contractility, thereby establishing an anisotropy in 
front/rear contractility. The mechanism bares similarities to single cell motility. For 
example, individual mesenchymal motility can be driven by rear actomyosin activity, 
and ameboid cells can ‘swim’ in frictionless environments using high rear contractility 
which drives retrograde membrane flow and anterograde vesicular flow. Thus, the 
neural crest cell group can be considered as a ‘supracell’ in which in which 
coordinated contractility amongst multiple rear cells is responsible for the group’s 
movement. Overall, this is the first demonstration that rear cells are actively involved 
in the migration of the group. 
Moreover, these data suggest that, mechanistically, SDF1 inhibits front contractions 
through activation of CXCR4/Rac which inhibits ROCK/Rho/Myosin II, whereas 
myosin remains active in rear cells. The effect of a different chemoattractant, PDGF, 
also inhibits front contractility, indicating the downstream effectors regulating 
contractility could be activated by several pathways, which suggests contractility-
driven migration could be a common and important general mechanism of collective 
cell chemotaxis. Indeed, most in vivo collective cell migration occurs by chemotaxis, 
and peripheral cluster contractility has been shown in various models of collective 
motility. These data also show that the neural crest cell group responds to a gradient, 
rather than absolute levels of chemoattractant, which suggests cell-cell 
communication and further supracellular activity is important for collective neural crest 
migration. 
Perspectives 
These results lead to many new and interesting questions. What role does N-
Cadherin, the adhesion protein that couples the actomyosin cable between adjacent 
cells, play in mechanotransduction and force transmission between cells? 
Presumably, it plays a role in the supracellular nature of the contractility. What 
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chemical signals are involved in this? Gap junctions and calcium signalling, which 
permit rapid cell-cell communication and activation of myosin, respectively, are prime 
candidates to address this. How also does supracellular communication work to allow 
the cell group to read a gradient and how is it incorporated into the signalling 
pathway? 
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SHELLARD, A. & MAYOR, R. 2018. Supracellular motility: beyond collective cell 
migration. Journal of Cell Science. Under review. 
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